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An  engineering  analysis  and  development  effort  has  been  executed 
to  design  a superpressure  airship,  POBAL-S,  capable  of  station  keeping 
at  an  altitude  of  21  kilometers  for  a duration  of  7 days  while  support- 
ing a payload  weighing  890  newtons  and  requiring  500  watts  of  electrical 
power.  A detailed  parametric  trade-off  between  various  power  sources 
and  other  design  choices  was  performed.  The  computer  program  used  to 
accomplish  this  analysis  is  described  and  many  results  are  presented. 

The  system  concept  which  resulted  was  a fuel  cell  powered,  propeller 
driven  airship  controlled  by  an  on-board  autopilot  with  basic  commands 
telemetered  from  a ground  control  station.  Design  of  the  balloon, 
power  train,  gimbaled  propeller  assembly,  and  electronic/electrical 
systems  is  presented.  Flight  operations  for  launch  and  recovery  are 

discussed.  D D C 

y JUL  14  1975  ! 

PWCB  SUBJECT  TO  CHANGE  dlLlWTOTRL 


CONTENTS 


Page 


Section  1 
2 


3 

3.1 

3.2 

3.3 

3.4 

4 

4.1 

4.1.1 

4. 1.1.1 

4. 1.1.2 

4. 1.1.3 

4. 1.1.4 

4. 1.1.5 

4. 1.1.6 

4. 1.1.7 

4.1.2 

4.1.3 

4. 1.3.1 

4. 1.3.2 
4. 1.3. 2 

4. 1.3. 2 

4. 1.3. 3 
4. 1.3. 3 
4. 1.3. 3 
4. 1.3. 3 
4.1. 3.3 
4. 1.3. 3 
4.2 

4.2.1 

4. 2. 1.1 

4. 2. 1.2 

4. 2. 1.3 

4.2. 1.4 

4. 2.1.5 

4. 2. 1.6 

4. 2. 1.7 
4.2.2 
4.3 

5 


INTRODUCTION  5 

DEVELOPMENT  OF  HIGH  ALTITUDE  POWERED 

BALLOONS  8 

REVIEW  OF  CONCEPT  DESIGNS 12 

Balloon  Vehicle 12 

Airship  Propulsion  and  Control  . 14 

Power  Source 14 

Electrical  and  Electronic  Systems  16 

SYSTEM  CONCEPT  CHOICE  ANALYSIS  ...  20 

Computer  Program  20 

Flow  Chart 21 

Initialized  Data 21 

Input  Data 23 

Altitude,  Wind  Speed,  and  Mission 

Time  23 

Balloon  Parameters  24 

Power  Source  Parameters  24 

Test  for  Solution 25 

Time,  Wind,  and  Altitude  Loops  . 25 

Program  Nomenclature  26 

Parametric  Equations  32 

Altitude  Control  32 

Balloon  Equations  33 

.1  Natural  Shape 33 

.2  Class  C Shape 35 

Power  Source  Equations  37 

.1  Combustion  Engine  Equations  ...  37 

.2  Electric  Power  Source  Equations  . 38 

.2.1  Fuel  Cell 39 

.2.2  Solar  Array 40 

.2.3  Battery 42 

Analysis  of  Parametric  Data  ...  43 

Discussion  of  Graphs  43 

Discussion  of  Figure  4.3  ....  51 

Discussion  of  Figure  4.4  ....  52 

Discussion  of  Figure  4.5  ....  53 

Discussion  of  Figure  4.6  ...  . 53 

Discussion  of  Figure  4.7  ....  54 

Discussion  of  Figure  4.8  ....  54 

Discussion  of  Figure  4.9  ....  55 

Sensitivity  Analysis  55 

System  Concept  Choice  57 

SYSTEM  DESIGN  61 


1 


CONTENTS 


Section  5.1 

5.1.1 

5. 1.1.1 

5. 1.1. 2 

5.1.2 

5.1.3 

5.1.4 
5.2 

5.2.1 

5.2.2 

5.2.3 

5.2.4 
5.3 

5.3.1 

5.3.2 

5. 3. 2.1 

5. 3. 2. 2 

5.3.3 

5. 3. 3.1 
5.3.3.1a 
5.3.3.1a 

5. 3. 3. 2 

5.3.4 

5.3.5 

5.4 

5.4.1 

5.4.2 

5.4.3 

5.5 

5.5.1 

5.5.2 
6 


p*gg 

Vehicle  . . 61 

Balloon 61 

Hull 61 

Fins 66 

Stern  Structure 70 

Gondola 73 

Weight  Summary  and  Distribution  , 76 

Propulsion  Drive  Train  76 

Propulsion  Motor  79 

Speed  Reducer 00 

Propeller  80 

Thermal  Analysis 88 

Flight  Control  System  89 

Gimbal  Mechanism.  ........  90 

Autopilot  and  Sensors  ......  98 

Pitch  Control 10  0 

Yaw  Control . 100 

System  Stability  101 

Autopilot  Stability  102 

Gimbal  Position  Loop 102 

Pitch  and  Yaw  Control  Loops  ...  104 

Airship  Flight  Stability 106 

Heading  Control  System 109 

Command  and  Telemetry  System.  . . Ill 

Power  Supply  System 113 

Fuel  Cell  System 113 

Power  Distribution  and  Control  Sys- 
tem   115 

Emergency  Power  Supply 118 

Launch  and  Recovery  Operations.  , 119 

Launch 119 

Recovery 123 

SUMMARY  AND  CONCLUSIONS 126 


■ 


FIGURES 


% 


ri! 


$ 

.',rV 
\\ ; 
i/i 

Z\ 

<>. 

fr 

it 

A* 

A 

Ji 


FIGURE  3.1 

3.2 

3.3 

3.4 

3.5 

4.1 

4.2 

4.3 

4.4 

4.5 

4.6 


4.8 

4.9 

5.1 

5.2 

5.3 

5.4 

5.5 

5.6 

5.7 

5.8 

5.9 

5.10 

5.11 

5.12 

5.13 

5.14 


5.15 

5.16 

5.17 


Page 

Vehicle  concepts  analyzed  . 13 

Battery  system  block  diagram  ......  17 

Combustion  engine  system  block  diagram  . 18 

Fuel  cell  system  block  diagram 18 

Solar  array  system  block  diagram  ....  19 
Hypothetical  system  weight  and  buoyancy 

versus  balloon  size  21 

HASKV  computer  program  flow  chart  ....  22 
Effects  of  duration  on  propulsion  power 
and  system  mass  for  all  concepts.  ...  44 
Effects  of  velocity  on  propulsion  power 

and  system  mass 45 

Effects  of  altitude  on  system  design  . . 46 
Effects  of  material  stress,  coefficient 
of  drag,  and  free  lift  on  propulsion 

power  47 

Effects  of  using  more  than  one  material 
thickness  on  propulsion  power  and 

system  mass 48 

Effects  of  using  altitude  control  on 

propulsion  power  and  system  mass  ...  49 
Effects  of  payload  mass  and  power 

requirements  on  propulsion  power  ...  50 


POBAL-S  airship  62 

Envelope  gore  configuration  63 

Stern  structure,  side  view  .......  71 

Stern  structure,  end  view 72 

Gondola 74 

Gondola  suspension,  end  view 75 

Patches  for  gondola  suspension  . . . .77 

Motor  configuration  81 

Converter  configuratxon  82 

Motor  performance  characteristics  ....  83 

Speed  reducer 84 

Speed  reducer,  section  view 85 

Propeller  blade  shape  86 

Propeller  blade  perimeter  and  cross 

section  area  for  determination  of  blade 

surface  area  and  volume 87 

Propeller  blade  construction  88 

Flight  control  system  block  diagram  ...  91 

Gimbal  mechanism  92 


3 


FIGURES 


Page 


FIGURE  5.18  Gimbal  position  loop 94 

5.19  Autopilot  block  diagram  99 

5.20  Heading  control,  yaw  channel 102 

5.21  Gimbal  position  loop 103 


5.22  Bode  plot,  gimbal  position  loop 103 

5.23  Pitch  (bottorr)  and  yaw  (top)  control  loopsl05 

5.24  Geometry  and  nomenclature  used  for 

airship  flight  stability  analysis  . . .107 

5.25  Two  examples  of  airship  performance  for 

lateral  control  110 

5.26  Heading  control  block  diagram  Ill 

5.27  Radio  command  system  block  diagram  . . .112 

5.28  Telemetry  'system  block  diagram  114 

5.29  Fuel  cell  characteristics 116 

5.30  Power  distribution  and  control  system 

block  diagram 117 

5.31  Launch  sequence 120 

5.32  Gondola/load  patch  deployment  sequence  .122 


4 


1 


INTRODUCTION 


Considerable  effort  has  been  expended  during  the  last 
several  years  in  the  development  of  unmanned  high  altitude 
station  keeping  vehicles . Such  vehicles  are  airborne  plat- 
forms capable  of  loitering  above  a specific  location  or  geo- 
graphic area  on  the  earth  while  maintaining  a high  altitude. 
These  vehicles  have  applications  encompassing  military, 
civil,  and  scientific  uses.  Examples  of  vehicle  concepts 
include  drones,  RPV's  (Remotely  Piloted  Vehicles),  flying 
wings , microwave  beamed  power  vehicles , synchronous  station- 
ary satellites  (not  airborne),  free  floating  balloons,  te- 
thered balloons , and  powered  balloons . This  report  is  in- 
tended to  concentrate  on  powered  balloons . A brief  discus- 
sion of  balloon  concepts  follows. 

Many  studies  of  tethering  balloons  at  altitudes  in  ex- 
cess of  18,000  meters  (60,000  feet)  have  been  performed. 

The  primary  problem  associated  with  this  concept  is  the  pro- 
curement of  a lightweight,  high  strength  tether  cable  which 
would  make  such  a system  design  feasible.  Present  develop- 
ments are  centered  on  the  use  of  Kevlar  fibers  for  a dielec- 
tric cable.  The  high  cable  tensions  and  system  performance 
characteristics  are  extremely  difficult  to  predict  because 
of  the  great  changes  in  the  relative  wind  conditions  imposed 
on  such  a system.  Thus,  the  primary  disadvantage  of  the 
tethered  balloon  concept  is  the  required  direct  link  between 
the  balloon  and  the  ground. 

Three  types  of  free  floating  balloon  systems  have  been 
studied.  One  study  addressed  the  problem  of  setting  up  and 
maintaining  a network  of  superpressure  balloons  such  that 
from  a statistical  standpoint  one  of  the  balloons  would  be 
within  a specified  area  for  a certain  percentage  of  the 
time.1  The  actual  study  looked  more  closely  at  the  problem 
of  a communications  network  instead  of  a down- looking, recon- 
naissance type  balloon,  but  the  problems  are  similar.  The 
disadvantage  of  this  type  of  system  is  the  obviously  high 
number  of  balloons  required  and  initial  costs  which  would  be 
incurred.  Once  the  network  is  developed,  then  an  on-going 
balloon  replenishment  program  could  be  set  up  to  maintain 
the  network.  One  of  the  main  advantages  of  this  type  of  sys 
tern  is  the  simplicity  of  the  individual  vehicles. 

1 Winker , J.  A.,  High  Altitude  Relay  Platform  System,  Re- 
port No,  0669011,  Raven  Industries,  Inc.  Final  Report,  Con- 
tract 4691,  Task  Order  18.  15  May  1969. 
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The  second  type  of  free  floating  balloon  concept  utili- 
zes a balloon  floating  in  the  stratosphere  between  15  kilome- 
ter (50,000  feet)  and  21  kilometer  (70,000  feet)  where  east- 
erly winds  would  prevail  during  much  of  the  year.2  To  attain 
a loitering  capability  a reefable  parachute  would  be  lowered 
to  a level  where  westerly  winds  would  exist.  In  this  way  the 
parachute  would  act  as  a variable  drag  device  such  that  a 
force  balance  between  the  balloon  and  the  parachute  would  be 
attained  so  that  no  horizontal  motion  would  exist.  This  type 
of  system  is  entirely  dependent  upon  proper  wind  conditions 
existing.  This  drastically  reduces  the  operational  capabil- 
ities of  the  system  because  of  the  dependence  of  the  system 
upon  the  specific  wind  conditions.  Thus  such  a system  can 
only  be  used  for  a few  months  of  each  year. 

The  third  type  of  station  keeping  free  floating  balloon 
is  a concept  which  has  actually  been  demonstrated  and  used.3'4'5 
This  involves  ballasting  and  valving  to  attain  a reasonable 
degree  of  altitude  changing  and  altitude  control  so  that  wind 
directions  and  speeds  could  be  altered.  This  type  of  station 
keeping  concept  has  been  rather  limited  in  duration  because 
the  mission  generally  needs  to  be  terminated  shortly  after 
all  the  ballast  is  used  up.  Other  limitations  of  this  con- 
cept include  its  dependence  upon  proper  wind  conditions  ex- 
isting and  of  being  able  to  find  these  advantageous  wind 
fields . 


4 Bourke , Edgan  R.  II,  "Addenum  To  Presentation  On  a U- 
nique  Approach  to  Balloon  Station  Keeping",  Raytheon  Company. 
Presented  at  Earth  Observations  From  Balloons  Symposium,  Amer- 
ican Society  of  Photogramme try . Published  by  Raytheon  Com- 
pany. 7 February  1969. 

3Nolan,  George  F,,  High  Altitude  Minimum  *7ind  Fields  and 
and  Balloon  Applications , AFCRL  64-84$',  Air  Force  Cambridge 
Research  Laboratories , 1964 . 

4NoIan,  George  F,,  A Study  of  Mesoscale  Features  of  Sum- 
mertime Minimum  Wind  Fields  in  the  Lower  Stratosphere,  AFCRL 
6*7-0601,  Air  Force  Cambridge  Research  Laboratories,  1967, 

sUolan,  George  F.,  "Meteorological  Considerations  for 
Tethered  and  Hovering  Free  Balloons",  Air  Force  Cambridge  Re- 
search Laboratories . Symposium  Proceedings,  Earth  Observa- 
tions From  Balloons , American  Society  of  Photogramme try , 
February  1$69 . 
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The  work  performed  under  this  contract  was  to  result  in 
a design  of  a superpressure  airship  capable  of  an  airspeed  of 
8.18  meter/second  (15,9  knot)  at  an  altitude  of  approximately 
21  kilometer  (70,000  feet)  for  a 7 day  duration  with  a pay- 
load  weighing  890  newton  (200  pounds)  requiring  500  watts  of 
power  continuously.*  A major  task  under  this  POBAL-S  program 
focused  on  the  specific  system  design.  The  completeness  of 
the  design  was  limited  by  the  availability  of  funds . 

Prior  to  entering  into  a specific  design  of  a selected 
system  type,  a parametric  investigation  of  various  system 
concepts  was  performed.6  The  various  power  sources  which 
were  investigated  included  internal  combustion  engines,  fuel 
cells,  batteries,  and  solar  cells. 

The  system  concept  which  was  chosen  utilized  a fuel  cell 
as  the  power  source.  The  parametric  analysis  revealed  that 
the  fuel  cell  powered  system  would  be  cost  effective  and  re- 
liable as  a demonstration  vehicle  capable  of  meeting  the 
performance  specifications. 


*Originally  the  speed  requirement  was  10.3  m/s  (20  kn) 
and  no  power  was  to  be  allocated  to  the  payload.  During  the 
course  of  the  contract  the  speed  requirement  was  reduced  to 
8.18  m/s  (15.9  kn)  and  the  payload  power  requirement  was  de- 
fined as  500  W continuous  power.  The  effort  reported  on  in 
Section  4.0  uses  the  original  speed  and  payload  power  re- 
quirements. The  design  discussed  in  Section  5.0  uses  the 
newer  requirements. 

6Beemer,  Jack  D.,  et  al.,  POBAL-S,  R & D Design  Evalua- 
tion Report,  Part  I,  System  Concept  Choice,  Report  No. 

0273661,  Raven  Industries,  Inc.  Air  Force  Cambridge  Research 
Laboratories  Contract  No.  F19628-73-C-0076  . 23  February  1973. 
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2.  DEVELOPMENT  OF  HIGH  ALTITUDE  POWER  BALLOONS 

The  first  serious  study  of  the  high  altitude  station 
keeping  powered  balloon  concept  was  performed  by  General  Mills, 
Inc.  during  the  late  1950's.7  This  study  described  a powered 
airship  which  was  to  carry  a payload  of  440  to  1320  N (100  to 
300  lb)  to  an  altitude  of  18  to  24.5  km  (60,000  to  80,000  ft) 
for  a duration  of  1 to  8 hours.  The  Mechanical  Division  of 
General  Mills,  subsequently  absorbed  by  Litton  Industries, 
carried  out  a considerable  amount  of  additional  analysis  af- 
ter its  Lighter-Than-Air  Concepts  Study  was  published.  In 
1967  Litton  discontinued  ballooning  activities. 

Since  the  first  efforts  performed  by  General  Mills  there  was 
little  actual  work  done  until  after  1965.  At  this  time  Good- 
year Aerospace  Corporation  began  work  in  this  subject  area 
which  resulted  in  a report  entitled  An  Investigation  of 
Powered,  Lighter-Than-Air  Vehicles. a tfliis  work  was  performed 
under  the  sponsorship  of  the  Air  Force  Cambridge  Research 
Laboratories.  Two  basic  concepts  were  studied  in  this  re- 
port. The  first  was  an  aerodynamically  shaped  airship  which 
could  be  flown  to  and  from  the  21  km  (70,000  ft)  design  al- 
titude, and  the  second  was  a natural  shape  balloon  which 
only  operated  at  the  design  altitude.  For  the  second  con- 
cept at  termination  of  the  mission  the  payload  and  power 
plant  were  to  be  parachuted  back  to  earth. 

The  first  hardware  constructed  and  used  in  the  manner  of 
a high  altitude  station  keeping  vehicle  was  fabricated  by 
Goodyear  Aerospace  Corporation. 9 The  propulsion  system  con- 
sisted basically  of  a propeller  at  onu  end  of  a gondola  and 
a rudder  at  the  other.  The  gondola  orientation,  or  heading, 
and  the  rudder  position  were  telemetered  to  the  ground  along 
with  other  monitored  flight  information.  The  rudder  position 
was  changed  by  radio  command  to  make  the  gondola  point  in  the 
proper  direction.  This  system  was  not  demonstrated  to  be 

'Anderson,  A.  A.,  et  al,,  Lighter-Than-Air  Concepts  Study, 
Report  No.  1765,  General  Mills,  Inc.  Final  Report,  Contract 
1589  (07).  1 September  1957.  Revised,  March  I9b0. 

9Vorachek,  Jerome  J,,  Investigation  of  Powered  Lighter- 
Than-Air  Vehicles,  GER  14076,  Goodyear  Aerospace  Corporation. 
AFCRL-68-0626 , Final  Report,  Air  Force  Cambridge  Research 
Laboratories,  Contract  No.  F19628-67-C-0047 . 27  November 

1968. 

9High  Altitude  Powered  Balloon  Test  Program,  Report  No. 
BB-2304,  Goodyear  Aerospace  Corporation.  November  1968. 


controllable.  It  was  likely  that  it  was  not  controllable 
because  of  aerodynamic  considerations  and  because  an  auto- 
pilot was  not  incorporated  into  the  system. 

*■* 

The  nekt  effort  pertinent  to  high  altitude  station  keep- 
ing vehicles  was  performed  by  Raven  Industries  during  1969 
and  1970. 1 0 This  was  the  High  Platform  II  prog1'  m under 
which  the  first  high  altitude,  solar  powered,  < ■ opiloted  air- 
ship was  successfully  demonstrated.  The  main  p\  .pose  of  this 
program  was  to  actually  demonstrate,  at  a moderate  cost,  that 
a practical  high  altitude  (21  km  or  70,000  ft  altitude),  long 
duration,  station  keeping  vehicle  could  be  built. 

The  High  Platform  II  vehicle  itself  was  only  a sun  seek- 
ing vehicle  and  had  a cadmium  sulfide  solar  cell  array  placed 
on  the  balloon  envelope  such  that  when  the  vehicle  was  orien- 
ted toward  the  sun  enough  power  would  be  supplied  to  propel 
the  balloon  at  a design  speed  of  10.3m/s  (20  kn) . Also,  the 
vehicle  could  only  be  used  for  daytime  operation  since  bat- 
teries, which  would  have  been  necessary  for  nighttime  opera- 
tion, were  not  a part  of  this  system.  This  superpressure 
balloon  was  configured  with  a propeller  suspended  underneath 
it  on  a gondola  and  was  controlled  with  both  moving  and  sta- 
tionary horizontal  and  vertical  statilizing  surfaces.  High 
Platform  II  was  flown  in  May  of  1970. 

The  next  activity  which  was  initiated  was  the  High  Plat- 
fcrm  III  Design  Study  performed  by  Raven  Industries?1"1  This 
was  a paper  study  contract  which  resulted  in  a final  report 
describing  a preliminary  design  for  a system  having  a four 
month  operating  duration  at  an  altitude  of  25.5  km  (85,000  ft) 
with  a capability  of  maintaining  a continuous  7.7  m/s  (15  kn) 
air  speed.  This  paper  study  also  generated  a limited  amount 
of  parametric  trade-off  analysis  information.  ' Of  particular 
importance,  this  analysis  revealed  that  there  was  no  advan- 
tage to  utilizing  altitude  control  to  minimize  the  stress 
levels  in  the  envelope  by  driving  the  vehicle  up  or  down  with 
a positive  or  negative  angle  of  attack  respectively. 

I-irBeemer,  Jack  D.,  et  al.,  High  Platform  II,  Report  No. 
R-0870025,  Raven  Industries,  Inc.,  Final  report,  Contract 
4691,  Task  Order  22.  14  August  1970. 

1 ^eemer,  J.D.,  et  al.,  High  Platform  III  Design  Study, 
Report  No.  0871005,  Raven  Industries,  Inc.,  Final  Report, 
Contract  5831.  31  August  1971. 
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The  airship  designed  under  the  High  Platform  III  Design 
Study  had  a volume  of  17,000  mJ  (600,000  ft3) . The  envelope 
length  was  94  m (309  ft)  and  had  a fineness  ratio  of  5.0. 

It  was  to  be  powered  with  cadmium  sulfide  solar  panels  which 
furnished  the  necessary  electrical  power  to  an  electric  mo- 
tor driving  a gimbaled  propeller  which  was  mounted  on  the 
tail  of  the  airship.  The  horizontal  and  vertical  stabilizing 
surfaces  were  to  be  pressurized  with  air  and  the  envelope  it- 
self was  fabricated  from  a biaxially  oriented  nylon  film. 

One  of  the  unproven  assumptions  used  in  the  design  of  High 
Platform  III  was  that  a pulse  charging  technique  could  be 
used  to  increase  the  number  of  charging  cycles  available  from 
the  battery.  Another  assumption  was  that  the  nylon  film 
would  in  fact  be  developed  into  a successful  superpressure 
balloon  material.  The  High  Platform  III  Design  Study  was 
completed  in  August  1971. 

Shortly  after  the  High  Platform  III  Design  Study  was 
completed,  the  Air  Force  Cambridge  Research  Laboratories  is- 
sued an  RFP  for  a free  balloon  propulsion  system.  The  basic 
goal  of  the  system  was  to  keep  an  880  N (200  lb)  payload  on 
station  at  a nominal  altitude  of  18  km  (60,000  ft)  for  a 24 
hour  duration.  The  method  of  accomplishing  this  was  to  util- 
ize altitude  control  on  the  balloon  such  that  it  could  be 
propelled  through  a minimum  wind  field.  Goodyear  Aerospace 
Corporation  was  awarded  the  contract  under  this  effort. 1  2 
In  September,  1972,  the  Goodyear  free  balloon  propulsion  sys- 
tem was  flown  from  Holloman  Air  Force  Base.  The  system  con- 
sisted of  a natural  shape  balloon  from  which  a battery  power- 
ed, electric  motor  driven  propeller  was  suspended.  This  sys- 
tem was  to  have  a 24  hour  duration,  12  hours  of  which  was  to 
be  under  powered  flight.  The  nominal  thrust  required  by  the 
propeller  was  445  N (100  lb).  Due  to  mechanical  failure, 
the  flight  of  this  system  was  terminated  with  less  than  6 
hours  of  powered  flight.  During  this  time  it  was  demonstra- 
ted that  although  the  concept  was  feasible,  problems  of  in- 
stability were  present. 

Because  of  the  sensitivity  of  station  keeping  vehicle 
size,  mass,  and  power  requirements  for  various  mission  param- 
eters, it  was  felt  necessary  to  have  a general  overview  of 
the  concept  of  superpressure  high  altitude  station  keeping 

1 ^Vorachek,  Jerome  J.,  Edward  W.  McGraw,  John  W.  Bezbatchen- 
ko.  Development  of  a Free  Balloon  Propulsion  System,  Good- 
year Aerospace  Corporation.  AFtRL  TR-73-0li8,  Final  Report, 

Air  Force  Cambridge  Research  Laboratories,  Contract  No. 

F19628-72-C-0072 . April  1973. 
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airships.  Thus,  the  Study  of  High  Altitude  Station  Keeping 
Vehicles  was  performed  by  Raven  Industries.1  J This  resulted 
in  a final  report  in  March,  1973.  It  was  under  this  study 
contract  that  the  HASKV  computer  program  was  written  to  para- 
metrically analyze  various  system  concepts.  Also,  a vehicle 
capable  of  operating  at  21  km  (70,000  ft)  for  a few  months 
duration  with  an  average  speed  of  10.3  m/s  (20  kn)  carrying 
a 880  N (200  lb)  payload  was  designed,  and  the  results  were 
presented  in  the  final  report. 

Under  the  Study  of  High  Altitude  Station  Keeping  Vehi- 
cles Raven  Industries  utilized  its  own  in-house  expertise  in 
electonic  systems,  superpressure  balloon  technology,  and  me- 
chanical hardware  design.  However,  an  extensive  literature 
search  and  subsequent  vendor  contact  effort  was  spent  to 
gain  knowledge  of  the  primary  power  sources  and  electric  mo- 
tor. More  than  seventy  companies  and  organizations  active  in 
thermal  electric  generators , solar  cells , fuel  cells , batter- 
ies, turbine  engines,  reciprocating  engines,  and  rotary  pis- 
ton engines  were  solicited  for  information  pertinent  to  the 
study.  With  the  information  thus  gained,  it  was  possible  to 
enter  into  a parametric  analysis  in  which  all  vehicle  com- 
ponents could  be  parametrically  defined.  The  parametric  work 
performed  showed  very  clearly  the  great  advantages  of  using 
a superpressure  balloon  material  stronger  than  polyester  film 
and  the  necessity  of  using  solar  power  for  such  extended  mis- 
sion durations. 

It  was  during  this  latter  study  contract  that  the  POBAL-S 
project  was  begun.  The  remainder  of  this  report  summarizes 
the  work  performed  under  the  POBAL-S  program  and  presents  the 
design  of  the  POBAL-S  airship. 


; i 

! ) 

1 ‘Beemer,  Jack  D.,  et  al.,  Study  of  High  Altitude  Station  j t 

Keeping  Vehicles , Report  No.  037360$,  Raven  industries,  Inc., 

Advanced  Research  Projects  Agency  Order  No.  1983  Final  Re-  ! 

port.  15  March  1973.  ! I 
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3 


REVIEW  OF  CONCEPT  DESIGNS 


This  section  of  the  report  discusses  the  various  aspects 
of  the  balloon  system  design.  The  intent  is  to  provide  a ; 

simplified  description  of  the  system  components.  This  will 
be  beneficial  in  understanding  the  vehicle  design  and  will  " 

aid  in  understanding  the  computer  program.  The  readers  at- 
tention is  called  to  Section  5.  of  this  report  for  a more 
detailed  description  of  the  fuel  cell  powered  airship.  The 
types  of  vehicle  concepts  which  were  studied  are  shown  in 
Figure  3.1. 

3.1  Balloon  Vehicle 

For  the  aerodynamic  shaped  balloon  systems,  only  balloon 
designs  utilizing  conventional  high  altitude  superpressure 
spherical  balloon  technology  were  considered  in  the  paramet- 
ric analysis.  This  type  of  balloon  has  normally  been  con- 
structed from  polyester  film  laminates . The  purpose  of  lam- 
ination is  to  prevent  helium  leakage  due  to  pin  holing,  while 
the  polyester  film  itself  has  very  low  permeability  to  helium 
and  very  high  strength  characteristics . The  use  of  such  ma-  j 

terials  allows  the  balloon  envelope  to  be  pressurized  to  a ! 

level  such  that  at  nighttime,  when  the  radiation  conditions  J. 

may  result  in  the  balloon  temperature  being  less  than  ambient 
temperature,  the  balloon  will  still  be  superpressurea.  If 
the  pressure  in  the  balloon  goes  below  ambient  pressure,  the 
balloon  will  go  slack  and  descend  in  altitude.  Typically 
the  duration  of  superpressure  balloons  is  measured  in  terms 
of  months,  and  several  balloons  have  flown  well  in  excess  of 
400  days.  These  long  durations  can  be  accomplished  because 
it  is  not  required  that  ballast  be  used  to  retain  altitude  * 

throughout  the  nighttime.  j 

i 

Variations  in  material  types,  density,  and  acceptable 
stress  levels  have  been  considered  in  the  parametric  analy- 
sis. Ideas  which  have  been  considered  include  the  use,  of 
high  strength  fibers  laminated  between  layers  of  the  balloon 
film  to  increase  the  film  strength- to-weight  ratio  and  ap- 
plying to  the  film  a thermochromic  coating  which  exhibits 
transitional  optical  absorption  and  reflectance  characteris- 
tics which  could  possibly  help  control  the  supertemperature. 

These  approaches  are  not  believed  to  be  feasible  for  use 

with  this  type  of  balloon.  Technological  improvements  in 

superpressure  balloon  materials  will  likely  be  accomplished 

in  the  near  future,  but  the  higher  stressing  limits  which 

have  been  studied  parametrically  should  encompass  such  im-  • j 

provemenbs , j 
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INFLATED  FIN  CONES 


Figure  3.1  Vehicle  concents  analyzed 


The  balloon  vehicle  Itself  is  defined  to  include  the 
envelope^  the  fins  or  stabilizing  surfaces  and  any  attachment 
hardware.  The  basic  shape  is  assumed  to  be  that  of  a Navy 
Class  C airship  with  a fineness  ratio  of  5.0.  Other  fine- 
ness ratios  have  been  investigated  and  it  has  been  determined 
that  near-optimum  system  design  will  occur  within  the  range 
of  fineness  ratios  of  5.0  to  7.0.1 ll'lH 

The  stabilizing  surfaces  are  assumed  to  be  constructed 
from  air  pressurized  conical  shaped  beams  (two  for  each  sur- 
face) with  an  impermeable  membrane  stretched  between.  (Re- 
fer to  Figure  5.1  for  a detailed  sketch  of  the  system.)  The 
beams  would  be  pressurized  by  use  of  a very  small/  low  power 
consumption  air  compressor.  In  this  way  the  integrity  of 
the  primary  envelope  is  retained  and  minimal  departure  from 
conventional  superpressure  balloon  technology  is  accom- 
plished. 

3.2  Airship  Propulsion  and  Control 

The  propulsion  and  gimbal  assembly  includes  the  motor 
or  engine  for  propulsion  and  the  mechanical  hardware  required 
to  pitch  and  yaw  the  propeller.  (Refer  to  Figures  5.3,  5.4, 
5.17.)  The  actual  thrust  is  derived  by  use  of  a propeller. 

The  gimbaling  mechanism  itself  is  designed  using  roll  nuts  and 
screws  powered  by  small  electric  motors  to  provide  two-degree 
freedom  of  movement  for  the  propeller.  The  control  of  the 
airship  is  thus  accomplished  by  changing  the  propeller  posi- 
tion by  electronic  signals  provided  by  an  autopilot  so  that 
the  vehicle  will  remain  within  acceptable  limits  in  pitch  and 
yaw.  A very  important  component  of  the  system  is  the  speed 
reducer  which  allows  the  propeller  to  operate  at  much  slower 
angular  velocity  than  does  the  motor  or  engine  powering  it. 
Experience  has  shown  that  belt  drive  systems  are  highly  ef- 
ficient and  acceptable  for  the  use  as  contemplated  here. 

3 . 3 Power  Source 


The  primary  variation  between  system  concepts  was  in  the 
power  source  used  to  drive  the  propeller.  In  the  parametric 
study  the  solar  cell  array,  fuel  cell,  gas  turbine,  internal 
combustion  engine , batteries , and  advantageous  wind  fields 
were  analyzed.  Two  of  these  sources,  the  solar  cell  array 

1 ‘'Rue ter , Loren  L.,  "Drag  Analysis  for  POBAL-S  & HASKV 
High  Altitude  Airships",  informal  paper,  Raven  Industries, 

Inc.,  10  October  1972. 
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and  the  advantageous  wind  fields,  utilize  ambient  energy 
sources.  All  other  types  analyzed  either  burned  fuel  or  gen- 
erated their  own  emf  (electromotive  force) . The  solar  cell 
array,  fuel  cell,  and  gas  turbine  powered  concepts  received 
the  most  attention  in  the  analysis.  Wankel  and  Diesel  en- 
gines were  the  only  two  internal  combustion  engines  studied, 
and  parametrically  they  are  quite  similar  to  the  gas  turbine 
in  concept. 

The  concept  of  using  only  primary  batteries  for  power 
has  been  analyzed;  and,  as  anticipated,  because  of  system 
size  it  does  not  appear  feasible  except  for  very  short  dura- 
tion missions.  The  advantages  of  such  a concept  lie  in  the 
simplicity  of  the  design  since  all  that  is  required  is  the 
batteries,  mounted  somewhere  in  front  of  the  system  center 
of  gravity,  with  power  cables  running  back  to  an  electric 
motor. 

The  gas  turbine  and  internal  combustion  engine  concepts 
are  very  similar.  These  power  sources  would  actually  be 
mounted  on  the  gimbal  arrangement  and  gimbaled  as  with  the 
electric  motor  for  the  electrical  type  systems.  The  fuel 
would  be  located  near  the  front  of  the  airship  so  that  hori- 
zontal stability  could  be  attained.  Under  this  scheme  it 
would  not  be  possible  to  save  the  consumed  fuel,  and  conse- 
quently a ballonet  or  pumping  and  valving  scheme  must  be  in- 
tegrated into  the  system.  The  advantage  of  this  type  of 
system  as  compared  to  the  fuel  cell  system  is  that  the  fuel 
can  be  stored  in  conventional  type  tanks,  considerations  in 
final  system  design  would  have  to  be  given  to  pumping  the 
fuel  from  the  storage  area  to  the  combustion  chambers. 

The  fuel  cell  powered  concept  is  similar  to  the  solar  power- 
ed concept  in  that  it  provides  electrical  power  to  a gim- 
baled motor/propeller  arrangement.  The  water  generated  by 
the  fuel  cell  would  be  stored  and  not  disposed  of.  The  ad- 
vantages of  storing  the  water  is  that  the  system  mass  re- 
mains constant  during  operation.  Thus,  the  floating  alti- 
tude and  static  trim  angle  of  the  airship  will  not  change 
during  the  flight.  Also,  this  allows  the  fuel  to  be  located 
at  that  position  along  the  balloon  which  is  required  to  at- 
tain horizontal  equilibrium  when  the  system  is  shut  down. 

The  fuel  cell  concept  also  requires  that  the  additional  heat 
generated  by  the  fuel  cell  be  radiated.  It  may  be  possible 
to  mpke  use  of  this  waste  heat  in  controlling  negative  super- 
temperatures, but  if  one  were  to  shut  the  system  down  at 
night  then  this  heat  would  not  be  present.  Thus,  the  system 
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would  have  to  be  designed  as  if  this  capability  were  non- 
existent. 


For  the  solar  powered  concept,  the  panels  of  cells, 
which  are  integrated  to  make  the  array,  are  placed  on  the 
surface  of  the  balloon  envelope  and  are  located  so  that  ade- 
quate power  is  delivered  to  the  system  for  any  conceivable! 
sun  angle.  All  individual  panels  would  have  to  be  diode-iso- 
lated so  that  those  which  are  greater  than  1.57  radians  (90 
degrees)  from  the  sun  would  not  act  as  loads  on  the  rest  of 
the  panels.  Major  attention  needs  to  be  paid  to  the  current/ 
voltage  characteristics  of  the  cells  at  various  angles  to  the 
sun.  These  characteristics  are  temperature  dependent,  and 
under  the  configuration  used  here  each  panel  would  be  opera- 
ting at  a different  temperature  because  of  radiation  effects . 
The  panels  are  connected  either  in  series  or  parallel  and  are 
electrically  integrated.  Thus,  they  form  an  electrical  ener- 
gy source  which  will  provide  the  required  system  power  to 
operate  the  motor  during  the  daylight  hours  and,  at  the  same 
time,  charge  the  batteries  which  are  used  for  nighttime  oper- 
ation . 


The  use  of  advantageous  wind  fields  was  analyzed  only  in 
the  sense  that  trade-offs  between  utilizing  altitude  control 
and  not  using  altitude  control  were  compared.  Without  the 
capability  of  changing  altitude,  the  use  of  advantageous  wind 
fields  would  not  be  feasible  for  this  system.  The  most  sig- 
nificant problem  with  this  concept  is  determining  where  the 
winds  are  most  favorable.  To  date,  no  acceptable  wind  sen- 
sing mechanisms  are  known  to  exist  which  could  be  applied  to 
this  type  of  system. 

3.4  Electrical  a Electronic  Systems 

Early  in  this  study  four  different  electrical  systems 
were  analyzed.  The  electronic  requirements  were  virtually 
the  same  for  all  concepts.  The  term  "electronics"  as  used 
herein  includes  navigation,  command  and  control,  stability 
control  (autopilot) , and  telemetry. 

The  navigation  unit  provides  the  autopilot  with  the  re- 
quired error  signals  based  on  deviations  from  the  desired 
station.  The  command  and  control  assembly  provides  various 
switching  and  housekeeping  functions  when  given  commands 
from  either  on-board  or  radio  command  systems.  The  autopilot 
controls  the  direction  of  the  airship  to  maintain  stable 
flight.  The  telemetry  system  provides  the  down-link  to  the 
command  station  and  provides  system  and  flight  evaluation 


and  control  data.  Each  of  these  systems  will  be  discussed 
In  further  detail  In  Section  5.4. 

A stand-by  power  source  is  provided  and  intended  for 
use  only  if  the  main  power  source  should  experience  a fail- 
ure. The  back-up  battery  powers  vital  control  functions  for 
24  hours  in  case  of  a primary  system  failure.  This  would 
permit  attempted  restarts  and  trouble  shooting  with  the  op- 
tion of  terminating  the  flight  at  a time  which  best  facili- 
tates recovery. 

All  electrical  systems  use  electric  gimbal  motors  for 
directing  the  thrust  vector  of  a propeller.  The  autopilot 
must  have  sufficient  power,  proper  voltage,  and  correct  dy- 
namic characteristics  to  operate  these  motors. 

The  electrical  systems  were  fit  into  four  categories) 
pure  battery,  fuel  cell,  solar  cell  array,  and  combustion 
engine.  All  systems  concepts  except  the  combustion  engine 
systems  use  an  electric  propulsion  motor  having  conductors 
running  from  a control  package,  near  the  center  of  the  bal- 
loon, to  the  motor  at  the  stern.  These  wires  carry  the 
heaviest  current  in  the  system  over  the  longest  distance  and 
must  have  very  low  impedance. 

The  simplest  system,  electrically,  is  a primary  (non- 
rechargeable)  battery  for  the  basic  power  source.  The  com- 
puter inputs  for  this  system  were  based  on  using  lithium- 
organic  batteries  for  the  main  power  source  and  regulating 
only  the  electronics  supply  voltage.  Figure  3.2  is  a simpli- 
fied block  diagram  for  a primary  battery  system. 
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Figure  3.2  Battery  system  block  diagram. 
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The  power  distribution  for  the  combustion  engine  system 
is  actually  two  systems,  both  supplied  by  the  same  alterna- 
tor. An  electrical  system  similar  to  that  in  an  aircraft  is 
used  for  ignition  and  starting.  A second  power  system  is 
used  for  electrical  and  electronic  control  systems.  The  mass 
of  the  secondary  battery  for  this  system  is  based  on  silver- 
zinc  battery  characteristics.  Figure  3.3  is  a simplified 
block  diagram  showing  the  increased  complexity. 
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Figure  3.3  Combustion  engine  systems  block  diagram. 


As  explained  in  Section  4.3,  the  fuel  cell  system  con- 
cept was  chosen  for  this  study  effort.  A simplified  block 
diagram  of  the  fuel  cell  electrical  system  is  shown  in  Figure 
3.4.  The  power  losses  in  the  control  package  of  a fuel  cell 
system  are  low  since  the  propulsion  power  is  adequately  reg- 
ulated by  the  fuel  cell.  The  optimum  voltage  for  this  system 
was  determined  to  be  30  volts . 
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The  solar  cell  array  system  is  the  most  complicated 
system  considered;'  however,  it  also  has  a greater  endurance 
than  the  other  systems.  The  primary  mass  contribution  comes 
from  the  rechargeable  battery  which  was  assumed  to  be  made 
up  of  silver-zinc  cells.  One  fact  learned  during  this  study 
was  that  when  short  days  are  encountered  sizing  of  the  stor- 
age battery  is  determined  from  limits  of  charging  current 
rates  based  upon  energy  storage  efficiency.  Silicon  solar 
cell  data  were  used  to  compute  solar  array  mass.  Due  to  the 
amount  of  power  conditioning  required  in  a solar  cell  array 
system,  efficiency  of  the  power  distribution  system  is  low- 
er than  the  other  concepts.  A considerable  number  of  elec- 
trical connections  and  wires  are  required  in  a solar  powered 
system,  making  it  more  difficult  to  fabricate  and  launch. 
Figure  3.5  is  a simplified  block  diagram  of  a solar  cell  sys 
tern.  The  increased  complexity  over  previous  systems  appears 
within  the  control  system. 
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Figure  3.5  Solar  array  system  block  diagram. 
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SYSTEM  CONCEPT  CHOICE  ANALYSIS 


A significant  portion  of  the  effort  under  this  contract 
was  expended  in  studying  system  types  and  choosing  one  type 
for  a complete  design.  This  analysis  was  performed  prior  to 
the  finalization  of  system  performance  requirements  and  is 
intended  to  be  a tool  for  comparison  purposes  only.  This 
section  describes  the  methods  of  analysis  and  presents  the 
results . 


4.1  Computer  Program 

A detailed  computer  program,  HASKV , was  used  to  generate 
parametric  information  describing  the  system  designs.  A 
copy  of  the  program  and  program  output  examples  are  included 
in  Appendix  A.  The  HASKV  program  was  developed  as  an  analy- 
tical aid  in  evaluating  high  altitude  station  keeping  vehi- 
cles.13 It  is  a versatile  yet  detailed  program.  The  program 
can  perform  calculations  involving  the  vollowing  items: 

1.  Fifty-seven  input  parameters  (constants  for  para- 
metric equations) . 

2.  Class  C aerodynamic  shape  and  natural  shape  balloons 

3.  Six  different  power  sources: 

a . Gas  turbine 

b.  Wankel  engine 

c.  Diesel  engine 

d.  Fuel  cell 

e.  Solar  cell  array 

f.  Battery 

4.  Altitudes  from  16.5  km  (54,000  ft)  to  30.0  km 

(98,200  ft)  in  1.5  km  (5,000  ft)  increments 

5.  Altitude  control  - 1.5  km  (5,000  ft)  or  3.0  km 

(10,000  ft)  excusion 

6.  Wind  speeds  from  2.574  m/s  (5  kn)  to  15.44  m/s 

(30  kn)  in  2.574  m/s  (5  kn)  increments 

7.  Mission  time  variation 

8.  Balloon  diameters  up  to  200  m (660  ft) 

Basically  the  program  determines  a system  size  which  is 
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capable  of  lifting  the  required  mass.  Required  mass  is  a 
function  of  input  conditions  such  as  altitude,  type  of  power 
source,  wind  speed,  etc.  It  includes  hull  mass,  payload 
mass,  and  all  component  masses  required  to  power  the  system. 
For  a given  set  of  conditions,  a plot  of  lifting  capability 
versus  system  size,  and  a plot  of  required  mass  versus  sys- 
tem size  could  be  generated.  These  plots  for  a hypothetical 
set  of  conditions  are  shown  below  as  a function  of  balloon 
radius : 


Figure  4.1  Hypothetical  system  weight  and  buoyancy 
versus  balloon  size. 

A unique  solution  (R1)  is  obtained  if  the  two  curves  in- 
tersect. HASKV  oer forms  an  iteration  on  balloon  radius  until 
the  lifting  mass  equals  the  required  mass.  Output  data  gener- 
ated by  the  proqram  is  then  printed. 

4.1.1.  Flow  Chart 

A simplified  flow  chart  of  the  HASKV  computer  program 
is  shown  in  Figure  4,2.  Literal  phrases  are  substituted  for 
mathematical  expressions  as  an  aid  in  discussing  the  program 
logic.  Actual  parametric  equations  are  discussed  separately. 

4. 1.1,1  Initialized  Data.  Variables  that  are  a function  of 
altitude  are  stored  in  the  main  program  as  arrays.  Each 
element  of  the  array  corresponds  to  a fixed  altitude  and  can 
be  referenced  by  the  main  program.  This  decreases  the  amount 
of  input  required.  Air  density,  helium  lift,  and  pressure 
ratio  are  stored  for  all  altitudes.  In  addition,  standard 
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sea  level  pressure  and  air  density  are  stored. 

4. 1.1. 2 Input  Data.  Necessary  inputs  include  a heading, 

57  input  parameters  and  control  cards . The  heading  may  con- 
sist of  a short  phrase  indicating  the  purpose  of  a run.  If 
no  more  data  are  to  be  read,  the  program  terminates. 

The  input  parameters  are  used  in  the  parametric  equa- 
tions as  constants  and  are  supplied  as  input  variables  so 
that  effects  of  different  choices  can  be  analyzed.  An  exam- 
ple would  be  skin  density  per  unit  thickness.  Since  the  skin 
density  is  an  input  variable,  a system  using  a polyester  en- 
velope can  be  compared  directly  with  one  using  a nylon  en- 
velope. All  other  parameters  remain  the  same  and  the  para- 
metric equations  are  still  valid.  The  large  number  of  param- 
eters which  can  be  varied  makes  the  program  a powerful  ana- 
lytical tool. 

Control  cards  supply  information  to  the  program  regard- 
ing type  of  power  source,  altitude,  wind  speed,  length  of 
mission,  and  whether  altitude  control  is  or  is  not  to  be 
used.  In  the  case  of  altitude,  wind  speed,  and  mission  time, 
the  card  supplies  initial  value,  maximum  value,  and  the  in- 
crement between  each  printing  of  output  data.  These  control 
values  are  applied  to  the  loop  counters  of  the  altitude  loop, 
wind  loop,  and  the  time  loop.  Computer  time  is  saved  by 
analyzing  specific  ranges  of  interest  without  generating 
needless  amounts  of  data. 

Control  cards  may  be  stacked.  After  all  loop  counters 
have  reached  their  maximum  value  specified  by  the  present 
control  card,  a new  control  card  is  read.  This  enables  dif- 
ferent power  sources , or  altitude  control  versus  no  altitude 
control,  to  be  run  with  the  same  input  parameters.  Each  time 
a control  card  is  read  the  heading,  all  input  parameters  with 
values,  and  the  type  of  power  source  used  are  printed.  If 
no  more  control  cards  are  to  be  read,  a new  heading  is  read, 
new  input  parameters  are  read,  and  new  control  cards  are 
read.  When  the  input  is  exhausted,  i.e.,  no  new  heading 
card,  the  program  is  terminated. 

4. 1.1. 3 Altitude,  Wind  Speed,  and  Mission  Time.  These 
three  variables  are  computed  as  a function  of  their  respec- 
tive loop  counters.  The  general  form  is: 

Variable  = constant  second  constant  x counter. 
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All  counters  are  whole  numbers . Thus , altitude  is  computed 
as : 


15,000  m + 1,500  m x altitude  counter. 

Initial  value,  maximum  value,  and  the  increment  for  each  * I 

loop  counter  is  specified  by  the  control  card.  Each  time  the  ' 

loop  is  executed,  the  loop  counter  is  increased  by  the  incre- 
ment specified.  The  time  loop  is  executed  first,  then  the 
wind  loop,  and  last,  the  altitude  loop.  Thus,  each  altitude 
increment  lists  data  for  each  increment  of  wind  and  each  wind 
increment  list  data  for  all  time  increments . Whenever  these 
three  values  are  calculated,  they  are  printed. 

4. 1.1. 4 Balloon  Parameters.  The  program  determines  which  ' 

balloon  type  is  to  be  used  by  checking  the  fineness  ratio. 

This  ratio  is  included  in  the  input  parameter  list.  If  the  i 

fineness  ratio  is  greater  than  one,  parameters  for  a Class  C , 

shape  are  calculated.  Natural  shape  parameters  can  be  cal- 
culated if  the  fineness  ratio  is  less  than  or  equal  to  one.  ; 

No  natural  shape  calculations  were  made  for  POBAL-S.  j 

Such  physical  parameters  as  volume,  surface  area,  skin  ! 

thickness,  and  hull  mass  are  computed  by  parametric  equa- 
tions. Data  from  the  input  parameter  list  and  the  current 
values  of  loop  variables  are  utilized.  This  marks  the  be- 
ginning of  the  size  loop  or  iteration  loop.  Consequently,  i 

the  majority  of  the  equations  in  this  group  are  a function  I 

of  balloon  radius.  At  this  point,  net  lift  and  power  re- 
quired for  the  balloon  size  being  considered  are  computed. 

4. 1.1. 5 Power  Source  Parameters.  A decision  must  be  made 
by  the  program  as  to  which  parametric  equations  are  to  be 
used.  This  is  done  by  checking  the  value  of  K.  It  is  the 
first  parameter  specified  by  the  control  card.  K values  and 
the  corresponding  power  sources  are  j 

Internal  Combustion  Systems? 

1 Gas  turbine 

2 Wankel 

3 Diesel 

Electric  Systems: 


4 Fuel  Cell 

5 Solar  cell  array 

6 Battery 
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All  internal  combustion  engines  use  the  sane  parametric 
equations.  The  variations  are  accounted  for  in  the  input 
parameter  list.  If  K is  less  than  or  equal  to  3,  the  inter- 
nal combustion  equations  are  used.  For  K greater  than  3 , 
the  component  masses  common  to  the  electrical  systems  are 
computed.  These  include  the  speed  reducer  and  motor.  A 
second  check  is  then  made  on  K.  If  K is  less  than  5,  fuel 
cell  parametric  equations  are  used.  If  K is  equal  to  5, 
solar  array  parametric  equations  are  used.  For  K greater 
than  5,  parametric  equations  for  a pure  battery  system  are 
used. 

The  parametric  equations  of  this  group  compute  com- 
ponent masses  for  the  power  system.  Included  are  equations 
for  motor  mass,  fuel  mass,  battery  mass,  etc.  These  equa- 
tions are  functions  of  the  power  required  computed  earlier 
in  the  program. 

4. 1.1. 6 Test  for  Solution.  Required  mass  can  now  be  com- 
puted by  summing  all  the  component  masses  for  the  power 
source,  and  payload.  A difference  is  obtained  by  subtract- 
ing required  mass  from  net  lifting  mass.  If  the  absolute 
value  of  the  difference  is  less  than  one  kilogram,  the  pres- 
ent values  are  taken  as  solution  values  and  printed.  If 
this  difference  is  greater  than  one  kilogram,  a check  is 
made  on  the  radius.  If  the  radius  is  less  than  100  m,  a new 
radius  is  computed.  The  program  loops  back  and  computes  new 
balloon  and  power  parameters.  Iteration  continues  within 
the  size  loop  until  a solution  is  found.  If  the  solution 
has  a radius  equal  to  or  greater  than  100  m,  "maximum  size 
considered"  is  printed. 

4. 1.1. 7 Time,  Wind,  and  Altitude  Loops.  After  output  is 
printed,  /hether  maximum  size  or  solution  data,  the  time 
loop  counter  is  checked.  If  it  is  less  than  the  maximum 
value  specified  by  the  control  card,  the  counter  is  incre- 
mented as  specified.  The  program  loops  back,  calculates  a 
new  mission  time,  and  begins  a new  iteration.  After  the  time 
loop  counter  reaches  the  maximum  value  specified,  a similar 
check  is  made  on  the  wind  loop  counter.  It  is  incremented 
and  loops  until  it  reaches  the  specified  maximum  value.  The 
process  is  then  repeated  for  the  altitude  loop  counter.  Af- 
ter all  loops  have  been  completed,  the  program  loops  back 
and  reads  new  input.  With  each  new  input,  the  loops  are 
executed  in  turn  until  they  have  been  completed.  Program 
termination  occurs  when  all  input  data  are  exhausted. 
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4.1.2  Program  Nomenclature 

The  following  is  a list  of  variable  names  used  in  the 
computer  program.  They  are  listed  according  to  function  in 
alphabetical  order.  Brief  descriptions  are  included  and  ap- 
propriate units  are  indicated. 

Initialized  Data: 

HLIFT  Helium  Lifting  Mass  Versus  Altitude  Array;  kg/m3 
PRESR  Pressure  Ratio  Versus  Altitude  Array 
RHO  Air  Density  Versus  Altitude  Array;  kq/m3 
SPRES  Standard  Pressure  at  Sea  Level;  N/m2 
SRHO  Standard  Air  Density  at  Sea  Level;  kg/m3 

Loop  Counters : 

IA  Altitude  Iteration 

IAC  Increment  of  Altitude  Control 
IT  Time  Iteration 

K Integer  for  Power  Source 

KWD  Wind  Speed  Iteration 

Input  Loop  Variables:  (Integers) 

Altitude  Iteration  - Alt  = 16,500  to  30,000  by  1,500,  IA  = 

1 to  10?  meters 

IIA  Initial  Altitude 

MIA  Max  Altitude 

NIA  Number  of  Altitude  Increments  Each  Loop 

Wind  Iteration  - Wind  = 5 KN  to  30  KN,  KWD  = 1 to  6 
HfD  Initial  Wind  Speed 
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MWD  Max  Wind  Speed 

NWD  Number  of  Wind  Increments  Each  Loop 

Day  or  Hour  Loop  - Days  ■ 1 to  10,  IT  * 1 to  10#  HRN  ■ 1 to 

24,  IT  - 1 to  24 

IIT  Initial  Time 

MIT  Max  Time 

NIT  Number  of  Time  Increments  Each  Loop 

Input  Parameters: 

ADDM1  Additional  Mass  - Control  Package,  Diffuser,  etc. 

Gas  Turbine;  kg 

ADDM2  Additional  Mass  - Control  Package,  Regulator,  etc.. 
Fuel  Cell;  kg 

ADDM3  Additional  Mass  - Control  Package,  Regulator,  etc., 
Solar  Array;  kg 

ADHE  Bilaminate  Adhesive  Mass/Unit  area;  kg/m2 

AUTOM  Autopilot  Mass;  kg 

BASTM  Ballast  Mass  for  Natural  Shape  Balloon 

BAT1  Battery  Mass/Unit  Energy  (Out) , Primary  Battery; 
kg/kW-hr 

BAT2  Secondary  Battery  Cell  Mass/Cell  Voltage  - Corrected 
for  Packaging;  kg/V 

BATCC  Secondary  Battery  Capacity  - Corrected  for  Cycle  Life; 
kA 

BATCY  Secondary  Battery  Capacity  - Corrected  for  Cycle  Life; 
kA-hr 

BCHEF  Battery  Charging  Efficiency 

BENGY  Back  Up  Energy  (kW-hr) 


CD  Drag  coefficient 

CELL1  First  Order  Constant  for  Fuel  Cell  Mass;  kg/V 
CELL2  Second  Order  Constant  for  Fuel  Cell  Mass;  kg/V2 
CFCM  Constant  Fuel  Cell  Mass;  kg 
CMM1  Constant  Engine  Mass  - Gas  Turbine;  kg 
CMM2  Constant  Motor  Mass  - Electric  Motor;  kg 
CSTRM  Constant  Structure  Mass;  kg 

DUTY  Ratio  of  Fuel  Cell  Operation  Time  to  Mission  Time 

ECPB  Efficiency  of  Control  Package  - Battery 

ECPPS  Efficiency  of  Control  Package  - Power  Source 

ECPSS  Efficiency  of  Control  Package  - Subsystem 

ESPR  Speed  Reducer  Efficiency 

EM  Motor  Efficiency 

EPROP  Propeller  Efficiency 

F Free  Lift/System  Weight 

FIN  Fineness  Ratio 

FINMR  Fin  Mass  Ratio  of  Envelope  Mass 

GEOF  Geometry  Factor  for  Solar  Array 

GLC  Gore  Length  Constant 

PAYM  Payload  Mass;  kg 

PNBYPD  Ratio  of  Power  Required  at  Night  to  That  of  Day 
PROP  Propeller  Mass/Unit  Radius  Length;  kg/m 
RAD  Radiator  Mass/Unit  Power  (Out)  - Fuel  Cell;  kg/kW 
SA  Solar  Array  Mass/Unit  Power  (Out) ; kg/kW 
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SFC1  Specific  Fuel  Consumption  - Gas  Turbine;  kg/kW-hr 

SFC2  Specific  Fuel  Consumption  - Fuel  Cell;  kg/kW-hr 

SKIND  Mass  Density  of  Envelope  Material;  kg/mVmm  of  Thick- 
ness 

SKINR  Ratio  of  Average  Skin  Thickness  to  Maximum  Skin  Thick- 
ness for  an  Envelope  Constructed  of  Multiple  Thick- 
nesses 

SMAT  Stress  Allowable  for  Envelope  Material;  M/m2 

SPR  Speed  Reducer  Mass/Unit  Power  (Out) ; kg/kW 

STRMR  Structure  Mass  Ratio;  kg 

SUBPOW  Independent  Subsystem  Power  Required;  kW 

SUPERT  Supertemperature/Abaolute  Temperature 

TERMM  Mass  of  Termination,  Telemetry,  and  Navigation  Pack- 
ages 

TMRl  Tank  Mass  Ratio  - Gas  Turbine;  kg 

TMR2  Tank  Mass  Ratio  - Fuel  Cell;  kg 

TURBOR  Turbocharger  Compression  Ratio 

UFLM  Fuel  Line  Mass/Unit  Length  - Gas  Turbine;  kg/m 

UMMl  Engine  Mass/unit  Power  Out  - Gas  Turbine;  kg/kW 

UMM2  Motor  Mass/Unit  Power  Out  - Electric  Motor;  kg/kW 

VOLTFC  System  Voltage  - Fuel  Cell 

VOLTSA  System  Voltage  - Solar  Array 

WIRE1  wire  Mass/Unit  Length  - Turbine  to  Battery;  kg/m 

WIRE2  Wire  Mass/Unit  Length  - Turbine,  Autopilot  to  Gimbals; 
kg/m 

WIRE 3 Wire  Mass/Unit  Length  - Kiloamp,  Control  Package  to 
Motor;  kg/kW/kA 
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WIRE 4 Wire  Mass/Unit  Power  - Interconnecting  Wire  - Solar 
Array;  kg/kW 

WIRE5  Wire  Mass/Unit  Length  - Solar  Array  to  Control  Pack- 
age; kg/m 


Computed  Variables: 

ALENG  Length  of  Balloon;  m 
ALIFT  Available  Lifting  Mass;  kg 
ALPHA  Helium  Volume/Balloon  Volume 
ALT  Altitude ; m 
BALNM  Mass  of  Ballonet;  kg 

BALNR  Ballonet  Surface  Area/Balloon  Surface  Area 

BBATM  Back  Up  Battery  Mass;  kg 

BATM  Secondary  Battery  Mass;  kg 

CELLM  Cell  Mass  - Fuel  Cell;  kg 

DAYS  Number  of  Operating  Days 

DELTAP  Differential  Pressure;  N/m* 

DIFF  Difference  Between  Available  Lifting  Mass  and  Re- 
quired Mass;  kg 

DRAG  Aerodynamic  Drag;  N 

ENVM  Envelope  Mass;  kg 

FINM  Fin  Mass;  kg 

FUELM  Fuel  Mass  - Gas  Turbine  and  Fuel  Cell;  kg 

GL  Gore  Length;  m 

HRHO  Air  Density  at  Altitude;  kg/m3 

HRN  Hours  of  Night;  Hours 
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HRS  Hours  of  Sunlight;  hours 

MG  Number  of  Gores 

P1M  Power  into  Motor;  kW 

POP  Power  Out  of  Propeller;  kW 

PREQ  Power  Required;  kW 

PRESS  Pressure  at  Altitude;  N/m2 

PROPM  Propeller  Mass;  kg 

q Dynamic  Pressure;  N/m2 

RADM  Radiator  Mass  - Fuel  Cell;  kg 

RENV  Radius  of  Envelope;  m 

REQM  Required  Mass  « Sum  of  Component  Masses;  kg 

RP  Radius  of  Prop;  m 

S Surface  Area  of  Envelope;  m2 

SPRM  Speed  Reducer  Mass;  kg 

STRM  Structure  Mass;  kg 

SYSM  System  Mass;  kg 

TAN KM  Tank  Mass  - Gas  Turbine  and  Fuel  Cell;  kg 
TAPEM  Tape  Mass  for  Sealing  Gores;  kg 
TBATM  Total  Battery  Mass;  kg 

TFCM  Total  Fuel  Cell  Mass  - Tank  + Radiator  + Cell;  kg 
THRUST  Propeller  Thrust  « Drag;  N 
tmm  Total  Motor  Mass;  kg 
TS  Time  on  Station;-  Hours 

TSAM  Total  Solar  Array  Mass  - Array  Mass  + Interconnecting 
Wire  Mass;  kg 
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TSKIN  Thickness  of  Envelope;  mm 
TWIRM  Total  Wire  Mass ; kg 
VOL  Balloon  Volume;  ms 
VWIND  Wind  Velocity;  m/s 


4.1.3  Parametric  Equations 

The  computer  variables  are  also  referenced  and  defined 
in  the  discussion  of  equations . To  the  left  of  each  equation 
or  discussion,  a statement  number  is  listed.  This  number  cor- 
responds to  the  left  most  number  on  the  compiler  listing  in 
Appendix  A.  The  equations  are  presented  in  their  order  of 
computation . 

4. 1.3.1  Altitude  Control.  (23-35)*  A check  is  made  for 
altitude  control  and  the  amount  of  control  specified.  When 
altitude  control  is  specified,  skin  thickness  and  power  re- 
quired are  computed  at  the  lowest  altitude  (maximum  differ- 
ential pressure  and  maximum  air  density) . The  solution  for 
floating  equilibrium  is  determined  at  the  maximum  altitude 
(Minimum  helium  lift) . 

Variables  for  pressure,  air  density,  and  expansion  ra- 
tio are  determined  for  the  altitude  range  being  considered. 
For  a natural  shape  balloon,  no  mass  is  computed  for  a bal- 
lonet . 

(36)  Ratio  of  ballonet  surface  area  to  balloon  surface 
area,  rB(BALNR): 

rB  - 1- . 27el  •*  ia 

a **  ALPHA  « Helium  volume/balloon  volume 

If  altitude  control  is  not  specified,  statements  24  and 
25  set  BALNR  equal  to  zero,  and  ALPHA  equal  to  one.  State- 
ment number  36  is  skipped. 

(37)  Differential  pressure,  AP (DELTAP) s 
AP  « P (.862Fa  +(1+F)y  ) 

*See  explanation  of  number,  paragraph  4.1.3. 
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P ■ F ■ Free  lift/ (system  weight) 
a - ALPHA  + Helium  volume/balloon  volume 
P + PRESS  + Ambient  pressure  at  altitude 


4. 1.3. 2 Balloon  Equations.  All  balloon  parameters  are  com- 
puted in  the  SHAPE  subroutine.  Statement  numbers  listed  here 
correspond  to  the  compiler  printout  of  the  shape  subroutine 
included  in  Appendix  A. 

4. 1.3. 2.1  Natural  Shape.  Natural  shape  parameters  are  based 
on  the  following  assumptions! 

1.  Ballast  requirement  of  10%  of  gross  mass/day 

2.  Z*  - .1 

3.  Wb/W*  - .32 

4.  CD  ■ .33  Based  on  (volume) 

It  should  be  noted  that  the  HASKV  program  is  not  com- 
pletely accurate  for  a natural  shape  balloon.  Equations  for 
structure  mass,  propeller  radius,  and  wire  lengths  are  based 
on  a Class  C shape.  Since  the  natural  shape  balloon  uses  a 
gondola,  structure  mass  would  be  larger  and  wire  mass  smaller. 
Also,  the  propeller  radius  was  sized  to  operate  in  the  wake 
of  an  aerodynamic  shape  balloon. 

(5)  Volume,  V(VOL): 

V - 3.45  R s 

R - RENV  * Radius  of  Envelope 

(6)  Gross  lift,  G (GROSS): 

G - V (b) 

b ■ HLIFT  ■ Helium  lift  at  altitude 


(7)  Ballast  mass,  (BASTM) : 

^ - G(1,-.9N) 

N - DAYS  + Mission  time  in  days 

(8)  Envelope  mass,  M0(ENVM): 

Me  - . 243G 

4. 1.3. 2. 2 Class  C Shape. 

(12)  Volume,  V(VOL): 

V - 4.0584  fR * 

f ■ FIN  » Fineness  ratio 
R ■ RENV  » Radius  of  envelope 

(13)  Surface  Area,  S(S): 

The  basic  equation  is:  S-KL2 
L ■ ALENG  ■ Inflated  length 
K * Constant  » Function  of  f 
L ■ 2Rf  and  S ■ 4KR2f 2 

K as  function  of  f was  determined  graphically  to  be: 
K - 2.641f"1 ,04  32 

Substituting,  the  computer  equation  becomes: 

S - (4)2.641Raf (2_1  •°'*32) 

- 10.564R2f*S!S8 

(14)  Skin  thickness,  t(TSKIN)  : 
t - 1000 (AP)R/o 
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(15-23) 


(18) 


(.19) 


(20) 


a ■ SMAT  ■ Material  stress  allowable 
AP  ■ DELTAP  ■ Differential  pressure 

Envelope  mass,  M (ENVM) : 

Me  - (oa+P.(t)tave/t)S 

ca  - ADHE  ■ Adhesive  mass/m2 

p_  - SKIND  » Density  of  envelope  material 
kg/m2 (mm) 

tave/t  ■ SKINR  ■ Factor  applied  to  envelope  thick- 
ness for  thickness  variation 

Tape  mass,  MT(TAPEM): 

MT  - N(GL)Tw(Tt)pt 

Assume;  Tape  width,  Tw  ■ 1.25  inches  * .0318  m 

Tape  thickness,  T.  » tape  + tape  adhesive 

• 4t 

Tape  density,  pt  * pe 
Mt  - .0318 (N)  (GL)  ( 4 1 ) pe 
* . 127N (GL)  (t)pe 
N <•  NG  » Number  of  gores 
GL  * GL  * Gore  length 


V 

i ;.i 


Add  tape  mass  to  envelope  mass: 

M - M +M_ 
e e T 

Fin  mass , MF (FINM)  ; 

Mp  - rfMe 
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■ FINMR  ■ Ratio  of  fin  masa  to  envelope  maaa 

(21)  Ballonet  maaa,  MQ (BALNM) : 

MB  " rBS(aa+pet/2) 

(23)  Total  envelope  maaa,  M (ENVM) : 

© 

Me  " Me+MB+Mr 

Return  to  Main  Program. 

(58)  Net  lift,  LS(ALIFT): 

Ls  * ^““e 

bjj  ■ HLIPT(IA)  >=  Helivun  lift  at  altitude 

(59)  Aerodynamic  drag,  D (DRAG ) : 

D » qCDV667 

q * Q ■ Dynamic  pressure 
CD  - CD  » Drag  coefficient 

(60)  Power  required,  P (PREQ) i 

req 

Praq  “ -O0107  <kw> 

V - VWIND  - Velocity 

This  is  propulsion  power  required  out  of  the  propeller. 
The  program  repeatedly  used  PREQ  for  computing  component 
masses.  Its  value,  however,  depends  upon  the  component  being 
considered.  For  example,  if  PREQ  is  divided  by  propeller  ef- 
fiency,  it  becomes  the  power  required  out  of  the  speed  re- 
ducer. Its  value  is  changed  but  the  variable  name  is  not. 

In  specific  instances  where  the  power  in  or  out  of  a compon- 
ent is  a parameter  to  be  used  later,  a new  variable  is  de- 
fined and  stored. 
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(63)  Propeller  radius,  Rp(J&P): 

Rp  «*  .45R 

The  ratio  of  .45  of  envelope  radius  is  based  on  an  ap- 
proximation of  the  balloon  wake  which  optimized  propeller 
performance . 

4. 1.3. 3 Power  Source  Equations.  All  component  masses  of 
the  power  source  are  computed  within  the  power  subroutine. 
Statement  numbers  listed  here  correspond  to  the  compiler 
printout  of  the  POWER  subroutine  included  in  Appendix  A. 

4 . 1 . 3 . 3 . 1 Combustion  Engine  Equations . 

(5)  Back  up  battery  mass  « total  battery  mass, 

Mbb(TBATM): 

MBB  “ BpEBU 

B * BAT1  »i  Mass  coefficient  of  primary  storage 
p battery 

Efiu  « BENGY  *s  Back  up  energy 

( 7 ) Engine  mass , Mg (TMM) s 

ME  * MePrcqPo/<PCR>+ME0 

Mfi  = OMM1  “ Engine  mass/unit  power  out 

pQ  = SRHO  * Standard  sea  level  air  density 

p «=  RHO  * Air  density  at  altitude 

CR  «*  TURBOR  ~ Turbocharger  compression  ratio 

Mg0  **  CMM1  = Engine  mass  at  zero  power  ( Y inter- 
cept) 

(8)  Fuel  mass,  Mf  (FUELM) : 

Mf  - =>fc(Preq)tos 

sfc  “ SFC1  » Specific  fuel  consumption  for  inter- 
| nal  combustion  engine 

| ' tQS  « IS  = Time  on  station 

'll 

f 

I nn 


W 


(9)  Puel  tank  mass,  M^CTANKM): 

Mft  * Rt/fM£+MflC*®I‘l 

is  “ TMR1  » Ratio  of  tank,  mass  to  fuel  mass  - 
r . I.C.  engines 

Mfl  m UFLM  “ Fuel  line  mass/unit  length 

(10)  Tail  structure  mass,  M . (STRM) : 

str 

Mstr  ’ Retr(ME+V-9Ha)+MBO 

Rstr  = STRMR  * Ratio  of  structure  mass  to  support- 
ed  mass 

Mp  * PROPM  * Propeller  and  hub  mass 

M » ADDM1  * Additional  mass  required  for  engine 
a operation 

Mso  * CMM1  « Structure  mass  when  supported  mass  » 
zero  (Y  intercept) 

(11)  Wire  mass,  M^ (TWIRM) : 

\ = .6L(N1w1+N2W2) 

° 2 «*  Number  of  wires 

W1  = wiREl  = Mass  coefficient  of  alternator  to 
control  package  wire 

N2  = 3 « Number  of  wires 

w2  " - Mass  coefficient  of  command  unit  to 

engine  wire 


4. 1.3. 3. 2 Electric  Power  Source  Equations. 


(14) 


Speed  reducer  mass,  Mgr  (SPRM) : 

Msr  “ SPR  « Speed  reducer  mass/unit  power  out 


P 


sr  (out) 


PREQ  “ Power  out  of  speed  reducer 
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(16) 


(17) 


(18) 


4. 1.3. 3. 2. 
(20) 


(21) 
I 


Motor  mass,  Mj^CTMM)  t 
“ nVEm(0ut)+Cin 

«=  UMM2  *=  Motor  mass/unit  power  out 
Pra  (out)  “ pREQ  « Power  required  out  of  the  motor 
Cm  88  CMM2  » Motor  mass  at  zero  power  (Y  intercept) 

Power  into  motor,  P^tPIM): 

P,  * P /E 

® (out)  m 

* EM  = Efficiency  of  motor 

Required  power  out  of  power  source,  (PREQ) : 

P = P.  /E  + P /E_ _ 
req  ini  ps  ss  ss 

E = ECPPS  * Efficiency  of  control  package  for 
ps  power  source 

Pgg  * SUBPOW  « Subsystem  power  required 

E * ECPSS  =s  Efficiency  of  control  package  for 
Ss  subsystem  power 

1 Fuel  Cell. 

Cell  mass , Mc  (CELLM) : 

MC  = Co+ClV+C2V2 

V = VOLTFC  =»  System  voltage  for  fuel  cell 

C0  = CFCM  ss  Fuel  cell  mass  at  zero  volts  (Y  inter- 
cept) 

C^  “ CELLl  - Coefficient  for  fuel  cell  mass/volt 
C^  =s  CELL2  =s  Coefficient  for  fuel  cell  mass/valti 2 

! i 

Fuel  mass , M_  (FUELM)  : | ij 

f '! 

i 

i 
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“£  ‘ ltc  pta  (outl  to,D 


sfc  - SFC2 


Specific  fuel  consumption,  of  fuel 
cell 


PREQ  - Power  required  out  of  fuel  cell 

cle  or  r i 
to  mission  time 


fc  (out) 

D ■ DUTY  ■ Duty  cycle  or  ratio  of  operating  time 


Fuel  mass  is  considered  independent  of  the  fuel  cell 
and  is  printed  separate  of  fuel  cell  mass. 


(22)  Fuel  tank  mass ,Mf  (TANKM) : 

Mft  “ Rt /fHf 

R ,.y f *>  TMR2  - Ratio  of  tank  mass  to  fuel  mass 


(23)  Radiator  Mass,  Mf  (RADM) : 

M - m P- 

r r fc(out) 

M * RAD  - Radiator  mass/unit  power  out  of  fuel 
r cell 

(24)  Fuel  cell  mass,  M_  (TFCM) : 

cc 


M 


fc 


M +M,.+M 
c ft  r 


4. 1.3. 3. 2. 2 Solar  Array. 

(31)  Power  required  from  battery,  P (FOB  ) : 

OB 

P0B  - VV  +P.^Ea. 

P„/  * PNBYPD  *■  Ratio  of  power  required  at  night 

N D to  that  of  day 


(32-35)  Secondary  hattery  mass,  M^(BATM): 

A battery  mass  is  first  computed  based  on  the  capacity 
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(amp  - hr)  of  the  battery.  The  charging  current  required  to 
reach  full  charge  during  daylight  hours  is  then  computed. 

If  it  exceeds  the  maximum  allowable  charge  current  for  the 
battery,  the  number  of  parallel  strings  is  increased.  The 
amount  of  increase  is  equal  to  calculated  charge  current 
divided  by  allowable  charge  current.  Battery  mass  is  now 
sized  by  charging  current  and  not  capacity. 


(32)  Mg (BATM) : 

MB  “ pOB*BS' *N^Bcy 


BAT 2 - Ratio  of  cell  mass  to  cell  voltage  - 
corrected  for  packaging  losses. 


tn  ■ HRN  « Hours  of  night 

BCy  » BATCY  - Battery  capacity  corrected  for  num- 
* ber  of  charge  - discharge  cycles. 


(33)  Charging  current,  Ic(XIC): 

xc  * Bcy/ < W 

Ts  » HRS  » Hours  of  sunlight 

EB  - BCHEF  ■ Battery  charging  ef fidelity  » elec- 
trical to  chemical  conversion 

(35)  Battery  mass  sized  by  charging  current,  Mg (BATM) s 


»B  - WW 


Bcc  » BATCC  * Maximum  allowable  charge  current  for 
battery 


(39)  If  PN/PD  is  less  than  one,  motor  mass  is  increas- 

ed for  second  motor,  Mm(TMM) : 

“m  " “m  + piin(Bm)  <VPD)mm  + cm 

All  variables  as  defined  previously. 

(40)  Power  required  out  of  solar  array,  Poaa (PREQ) : 

Posa  " Preq  + 1'22  POBEB/ECPB 

1.22  - Ratio  of  charging  voltage  to  discharging 
voltage . 

ECPB  » ECPB  ■ Efficiency  of  control  package  for 
battery 


(41)  Solar  array  mass,  Msa(TSAM)t 


Msa  " posaFg ^msa+w4^ 

Pg  ■ GEOP  « Geometry  factor 

Msa  - SA  ■ Solar  array  masB/unit  power  out 

w4  - WIRE4  ■ Interconnecting  wire  for  solar  array 


(46)  Primary  battery  mass,  MpB (TBATM) : 


Mpb  - Bp(PreqT8+EBU) 

All  variables  previously  defined. 


*1 

fi 
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4.2 


Analysis  of  Parametric  Data 


A series  of  graphs  have  been  developed  which  summarize 
the  computer  output  of  the  parametric  study.  These  graphs, 
along  with  other  pertinent  information,  were  the  basis  for 
the  selection  of  an  optimum  vehicle  choice  to  meet  the  mis- 
sion requirements.  The  basic  power  sources  considered  in 
this  study;  namely,  solar  cell  array,  fuel  cell,  battery, 
gas  turbine,  Diesel  engine,  and  Wankel  engine  have  been  plot- 
ted. For  reasons  explained  below  and  in  Section  4.3,  the 
most  thorough  comparison  was  made  between  solar  cell  array 
and  fuel  cell  powered  systems.  By  analyzing  these  graphs, 
comparisons  can  be  made  between  these  power  sources  to  de- 
termine the  most  optimum  system  for  a given  set  of  condi- 
tions. In  addition  to  the  power  source  comparisons,  these 
graphs  show  the  parameters  to  which  a particular  system  is 
most  sensitive;  such  as,  balloon  material  type  and  stress 
limit,  free  lift,  coefficient  of  drag,  and  mission  require- 
ments (duration,  altitude,  speed,  payload  mass,  and  payload 
power) . The  system  sensitivity  to  certain  parameters  is 
discussed  in  more  detail  in  Section  4.2.2.  Essentially 
then,  this  analysis  has  explored  mission,  feasibility,  and 
construction  parameters;  and  this  analysis  has  helped  to  de- 
fine the  final  mission  requirements. 

4.2.1  Discussion  of  Graphs 

The  following  graphs,  Figures  4.3  - 4.9  were  derived 
using  a standard  value  for  the  basic  design  parameters. 
Generally  one  of  these  parameters  was  varied  while  the  re- 
mainder were  set  at  the  standard  values.  The  standard 
parameter  values  are: 

Material  type  - biaxially  oriented  Nylon  6 
Material  stress  limit  - 8300  N/cm2 
Altitude  - 21  km 
Free  lift  - 20% 

Coefficient  of  drag  - .05 
Duration  - 7 days 
Payload  mass  - 90  kg 
Payload  power  - 0 W 
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— * — solar  Cell 
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Wank el 

Solar  Cell 
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Figure  4.3  Effects  of  duration  on  propulsion  power  and  system 

mass  for  all  concepts. 
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Figure  4.4  Effects  of  velocity  on  propulsion  power 

and  system  mass. 
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MAX.  STRESS  ALLOWABLE 
(1000  N/cm2  > 


0 5 10  15  20  25  30 


FREE  LIFT  % 


Solar  Cell  4 mo. 
Polyester 

- - Solar  Cell  4 mo. 
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— Solar  Cell 


» »™-e  Fuel  Cell 
Polyester 


Figure  4.6  Effects  of  material  stress,  coefficient  of  dreg 
and  free  lift  on  propulsion  power. 


SYSTEM  MASS  (1000  kg)  PROPULSION  POWER (kW) 


SYSTEM  MASS  (1000  kg)  PROPULSION  POWER  (kW) 


2 4 6 8 10  12 

DURATION (DAYS) 


Solar  Cell  A/C*18-21  km 
Vn/Vd  - .5 

Solar  Cell  A/C  18-21  km 
V//Vd  - .2 

Solar  Cell  21  km 

Solar  Cell  A/C  18-21  km 

Fuel  Cell  A/C  18-21  km 

Fuel  Cell  21  km 

*A/C  ■ Altitude  Control 
with  an  average  velocity 
of  7.7  m/s. 

Note;  All  curves  generated  for 
nylon  film  with  a stress 
of  12,400  N/cm2 
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Figure  4.8  Effects  of  using  altitude  control  on 
propulsion  power  and  system  mass. 
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PRO POLS TON  POWER (kN) 


0 20  40  60  80  100  110 
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PAYLOAD  POWER  (kW) 


Figure  4.9  Effects  of  payload  mass  and  power 
requirements  on  propulrion  power. 
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Velocity  ratio  - .333  (Solar  cell  array  only) 

Tank  mass  ratio  - .5  (Fuel  cell  only) 

Sunlight  - 12  hr/day  (Solar  cell  array  only) 

4. 2. 1.1  Discussion  of  Figure  4.3.  The  graphs  presented  in 
Figure  4.3  compare  the  propulsion  power  and  system  mass  of 
all  the  basic  concepts  considered  in  this  study  contract. 

The  power  values  shown  represent  the  net  power  required  out 
of  the  propeller  to  propel  the  airship  forward;  i.e.,  thrust 
multiplied  times  velocity.  'The  mass  versus  duration  and 
power  versus  duration  curves  appear  similar  because  mass  is 
proportional  to  the  square  root  of  the  propulsion  power  cubed. 


Since  system  power  and  mass  are  excessively  large  for  a 
solar  cell  array  system  operating  at  10.3  m/s  (20  kn)  air- 
speed, it  was  decided  to  fly  5.1  m/s  (10  kn)  at  night  and 
15.4  m/s  (30  kn)  during  the  day  to  give  a 10.3  m/s  (20  kn) 
average  for  24  hours.  Thus,  the  solar  cell  array  curves  are 
shown  with  a VN/VD  ratio  of  10:30  (VM/VD  » .333,  see  Figure 
4.4).  By  flying  at  5.1  m/s  (10  kn)  airspeed  at  night  the 
battery  mass  required  to  operate  the  system  while  the  solar 
cells  are  inoperable  is  reduced  by  a factor  of  46 . This  re- 
duces the  system  mass  considerably  as  noted  on  the  mass  ver- 
sus duration  curve.  Here  the  crossover  with  the  fuel  cell 
system  is  between  5 and  6 days,  whereas  on  the  power  versus 
Juration  curve  the  crossover  is  at  18  days.  This  results  be- 
cause the  power  value  furnished  by  the  solar  cell  array  must 
be  sufficient  for  15.4  m/s  (30  kn)  operation  whereas  the 
other  concepts  operate  continuously  at  10.3  m/s  (20  kn) . 

On  these  base  data  curves  the  charge-discharge  cycles 
for  the  batteries  have  been  considered;  and  consequently, 
the  solar  cell  array  power  and  mass  requirements  increase 
slightly  as  the  number  of  charge -discharge  cycles  for  the 
batteries  increase.  On  the  power  versus  duration  curve, 
three  solar  cell  array  curves  are  plotted  for  10,  12,  and  14 
hours  of  sunlight  to  allow  for  operation  of  the  solar  powered 
airship  at  different  latitudes  and  times  of  year.  With  2 
hours  less  sunlight  the  propulsion  power  required  increases 
approximately  11%  whereas  with  2 additional  hours  of  sunlight 
the  propulsion  power  decreases  approximately  8%. 

The  power  required  and  the  system  mass  are  excessively 
high,  as  shown,  for  the  battery  case.  The  best  available 
batteries  254  W-hr/kg  (115  W-hr/lb)  are  presented.  Batteries 
will  not  be  considered  in  any  of  the  other  graphs  since  sys- 
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tem  size  becomes  too  large  beyond  a one  day  mission. 

The  base  data  curves,  as  well  as  all  remaining  curves, 
show  a fuel  cell  system  utilizing  a TMR  value  of  .5;  i.e., 
the  tank  mass  is  .5  times  the  fuel  mass.  The  relative  ad- 
vantage of  using  a lightweight  tank  can  be  shown  by  using  a 
TMR  value  of  .85.  For  a 7 day  mission,  the  power  required 
drops  by  approximately  .5  kW  and  system  mass  by  approximate- 
ly 20%  for  the  TMR  value  of  .5  as  compared  to  .85. 

The  gas  turbine,  Wankel  and  Diesel  engine  curves  are 
all  hypothetically  superior  power  sources  in  terms  of  pro- 
pulsion power  required  and  system  mass.  However,  none  of 
these  power  sources  have  been  tested  for  high  altitude  oper- 
ation. A development  program  would  need  to  be  performed  in 
order  to  instill  confidence  in  any  of  these  systems,  whereas 
the  fuel  cell  and  the  solar  cell  array  have  been  used  for 
space  flights  with  high  reliability.  Also,  fuel  cells  and 
solar  celis  are  available . The  Wankel  and  Diesel  curves  are 
much  lower  than  the  gas  turbine  curve  due  to  a lower  speci- 
fic fuel  consumption,  i.e.,  .024  kg/kW-hr  (.4  lb/hp-hr)  ver- 
sus .73  kg/kW-hr  (1.2  lb/hp-hr).  All  three  of  the  internal 
combustion  power  sources  would  require  either  a ballonet  or 
pump  and  valving  scheme  to  maintain  altitude  as  fuel  is  con- 
sumed. This  would  require  additional  power  and  system  mass 
which  has  not  been  included  in  these  curves.  These  curves 
consequently  would  be  shifted  higher  on  the  graph  to  compen- 
sate for  the  additional  power  and  mass.  Since  these  power 
sources  are  not  considered  reliable  or  tested  sources,  this 
effort  was  not  pursued. 

4. 2. 1.2  Discussion  of  Figure  4.4.  Wind  velocity  is  one  of 
the  most  sensitive  parameters  for  any  of  the  given  systems. 
It  has  been  decided  that  the  most  favorable  winds  exist  at 
the  21  km  (70,000  ft)  altitude  level.  The  first  two  graphs 
of  Figure  4.4  show  the  effect  of  velocity  on  propulsion 
power  and  system  mass.  The  velocity  scale  of  the  graphs  is 
average  velocity  so  that  a comparison  can  be  made  between 
the  two  systems  although  the  solar  cell  system  has  been  de- 
signed to  fly  at  higher  velocities  during  daylight  hours. 

For  the  solar  powered  system,  power  increases  from  approxi- 
mately .5  kW  at  5.1  m/s  (10  kn)  to  approximately  3 kW  at 
7.7  m/s  (15  kn\  and  from  7.7  to  10.3  m/s  (15  to  20  kn)  power 
increases  from  3 kW  to  13  kW.  If  the  system  size  were  con- 
stant, propulsion  power  would  increase  as  the  cube  of  the 
velocity;  however,  since  the  system  necessarily  grows  larger 
to  accommodate  the  increased  propulsion  system  weight  the 
power  increases  even  more  than  the  cube  of  the  velocity. 
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The  system  mass  for  the  solar  cell  nearly  doubles  between 
5.1  and  7.7  m/s  (10  and  15  kn)  and  triples  between  7.7  and 

10.3  m/s  (15  and  20  kn) . Beyond  an  average  velocity  of  10.3 
m/s  (20  kn)  the  system  mass  grows  even  faster. 

The  third  graph  of  Figure  4.4  was  plotted  to  determine 
the  optimum  flight  velocity  for  day  and  night  operation  for 
a solar  cell  powered  vehicle  to  obtain  a 10.3  m/s  (20  kn) 
average  airspeed  for  a 24  hour  period.  By  flying  15.4  m/s 
(30  kn)  during  the  day,  while  the  solar  cells  are  powering 
the  vehicle,  and  5.1  m/s  (10  kn)  during  the  night,  on  battery 
power,  system  power  and  mass  are  minimized.  However,  this 
curve  is  relatively  flat  near  the  optimum  velocity  ratio  and 
slight  deviations  from  a V^/Vq  value  of  .333  would  be  accept- 
able . 

4. 2. 1.3  Discussion  of  Figure  4.5.  The  three  graphs  of  Fig- 
ure 4.5  show  the  effect  of  altitude  on  propulsion  power,  mass, 
and  skin  thickness.  As  altitude  is  increased,  less  power  is 
required  due  to  lower  density  air.  This,  along  with  a lower 
superpressure  which  results  because  of  the  decreased  absolute 
pressure,  reduces  the  thickness  of  the  envelope,  As  the  en- 
velope thickness  decreases,  the  system  mass  consequently  be- 
comes lighter.  By  going  from  18  to  21  km  (60,000  to  70,000 
ft)  the  propulsion  power  for  a solar  cell  system  decreases  by 
approximately  25%  (6,850  kg  to  5,150  kg).  But  even  more  im- 
portant is  the  decrease  in  skin  thickness.  The  envelope  skin 
thickness  for  a solar  cell  system  drops  from  390  um  (15.4  mil) 
to  220  ym  (8.7  mil).  The  220  ym  (8.7  mil)  material  could 
possibly  be  manufactured  by  laminating  two  layers  of  nylon 
whereas  the  15.4  mil  material  would  require  a quad-laminate. 
This  would  increase  system  mass  slightly  since  two  additional 
layers  of  adhesive  would  be  required  for  the  quad-laminate. 

The  computer  program  assumed  a bi-laminate  material  with  one 
thickness  of  adhesive.  By  going  to  multi-laminate  material 
the  system  mass  would  be  even  larger  than  the  graph  shows . 

4. 1.1.4  Discussion  of  Figure  4.6  The  first  graph  of  Figure 
4.6  shows  power  versus  maximum  stress  allowable  for  a solar 
cell  array  and  a fuel  cell  system  employing  polyester  and  ny- 
lon films.  As  shown,  either  system  is  very  sensitive  to  the 
type  of  and  maximum  allowable  stress  of  the  material.  Both 
nylon  and  polyester  have  been  plotted  for  stress  levels  from 
8,300  to  12,400  N/cm2  (12,000  to  18,000  lb/in2).  This  graph 
does  indicate  the  need  for  a materials  study;  for  example: 
if  a nylon  material  with  an  allowable  stress  of  12,400  M/cm2 
(18,000  lb/in2)  could  be  used  an  approximate  savings  of  65% 
could  be  realized  in  propulsion  power  for  a solar  cell  system 
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as  well  as  a substantial  decrease  in  system  mass. 


The  second  graph  of  Figure  4.6  shows  the  sensitivity  of 
the  systems  to  the  coefficient  of  drag,  the  parameter  for 
which  very  little  reliable  data  have  been  generated.  All  of 
the  graphs  in  this  series  utilize  a coefficient  of  drag  of 
.05  which  is  based  on  analysis  and  past  experience  with  a 
high  altitude  airship.10'11*  For  a solar  cell  system,  the 
graph  shows  propulsion  power  increasing  2.5  times  as  CD  in- 
creases from  .04  to  .06. 


Free  lift  is  another  parameter  to  which  the  system  is 
very  sensitive  as  shown  in  the  third  graph  of  Figure  4.6. 

The  minimum  free  lift  required  is  dependent  on  the  negative 
supertemperature.  It  was  determined  that  the  minimum  free 
list  should  be  20%  to  maintain  pressurization  at  the  21,000  m 
(70,000  ft)  altitude  level.  Beyond  20%,  as  shown  by  the 
graph,  system  power  requirements,  as  well  as  mass,  grow  very 
rapidly  for  either  the  solar  cell  or  fuel  cell  vehicles. 

4. 2. 1.5  Discussion  of  Figure  4.7.  The  graphs  presented  in 
Figure  4.7  compare  the  power  and  mass  of  the  basic  systems 
with  the  power  and  mass  of  systems  which  utilized  more  than 
one  material  thickness  for  the  balloon  construction.  The 
graphs  show  the  tradeoff  for  both  a solar  cell  array  and  a 
fuel  cell  system  using  either  two  or  three  material  thick- 
nesses. This  requires  a junction  between  the  different 
thicknesses  of  material.  Since  stresses  are  highest  near  the 
largest  diameter  of  the  balloon  and  diminish  near  the  ends, 
lighter  gauge  materials  can  be  used  at  the  nose  and  tail  ends. 
This  reduces  the  balloon  mass  and  minimizes  the  system  size. 
The  two  material  thickness  case  would  incorporate  the  thinner 
material  at  the  nose,  the  heavier  material  through  the  mid- 
section, and  the  thinner  material  again  at  the  tail  end.  The 
same  technique  is  used  in  the  three  material  thickness  case 
with  tw  > additional  locations  added  to  change  material  thick- 
ness. For  a solar  cell  array  powered  system  using  two  mater- 
ial thicknesses,  a savings  of  27%  can  be  realized  in  system 
power  and  37%  in  system  mass.  By  going  to  three  material 
thicknesses,  a savings  of  35%  can  be  realized  in  system  power 
and  481  in  system  mass.  Thus,  by  varying  the  material  thick- 
ness at  discrete  locations  in  the  envelope  a substantial  sa- 
vings in  power  and  mass  can  be  accomplished. 

4. 2. 1.6  Discussion  of  Figure  4.8.  The  comparison  with  and 
without  altitude  control  is  shown  in  Figure  4.8  by  the  curves 
labeled  A/C  for  altitude  control.  The  altitude  control  curves 
are  plotted  using  a velocity  of  7.7  m/s  (15  kn)  since  the 


reason  for  using  altitude  oontrol  is  to  seek  out  a minimum 
wind  field,  whereas  the  curves  without  altitude  control  are 
plotted  with  a velocity  of  10.3  m/s  (20  kn) . The  solar  cell 
array  altitude  control  curves  are  plotted  with  Vn/Vd  values 
of  5/25  and  10/20  to  determine  the  most  favorable  com- 
bination of  day-night  velocities  to  obtain  a 24  hour  average 
of  7.7  m/s  (15  kn) . By  flying  10.3  m/s  (20  kn)  during  the 
day  and  5.1  m/s  (10  kn)  at  night  the  solar  cell  power  and 
system  mass  are  minimized.  The  propulsion  power  as  well  as 
mass  for  both  solar  cell  array  and  fuel  cell  is  substantially 
larger  by  incorporating  altitude  control.  These  curves  were 
generated  with  a nylon  material  skin  stress  of  12,400  N/cm2 
(18,000  lb/in2)  in  order  to  obtain  a solution.  Also,  altitude 
control  complicates  the  system  design  and  construction  of  the 
system. 

4. 2. 1.7  Discussion  of  Figure  4.9.  Payload  requirements  in 

the  range  from  0 to  90  kg  (0  to  200  lbm)  and  from  0 to  2 kW 
affect  the  fuel  cell  system  propulsion  power  as  shown  in  Fig- 
ure 4.9.  It  should  be  recalled  that  the  power  values  shown 
are  in  addition  to  the  payload  power,  inefficiency  losses, 
gimbal  operation,  and  electronic  system  requirements.  The 
payload  mass  has  little  effect  as  would  be  expected,  since  the 
90  kg  (200  lbm)  payload  mass  is  such  a small  part  of  the  to- 
tal system  mass.  The  payload  power  variation  does,  however, 
make  significant  changes  in  the  system  propulsion  nower  re- 
quirements . 

4.2.2  Sensitivity  Analysis 

An  analysis  was  performed  to  determine  the  sensitivity 
of  the  system  design  to  small  changes  in  numerical  values  of 
all  design  parameters.  The  HASKV  computer  program  was  used 
to  generate  data  for  a one  per  cent  variation  of  each  param- 
eter. Each  parameter  was  varied  independently,  and  ali  varia- 
tions were  taken  as  positive.  Thus,  parameter  X became  X + 

AX  = (1.01).  Except  for  X,  all  the  other  parameters  were  the 
same.  A complete  solution  was  required  for  each  parameter 
that  was  varied.  The  system  mass  change,  AM,  and  absolute 
percentage  change,  |AM/M|,  were  calculated.  The  following  ta- 
ble gives  the  results  of  the  analysis  in  order  of  decreasing 
sensitivity. 

The  most  sensitive  design  parameter  is  the  allowable  ma- 
terial stress,  SMAT,  where  a 1%  increase  reduces  the  system 
mass  by  over  4%.  The  next  most  sensitive  design  parameter  is 
the  envelope  material  density,  SKIND,  where  a 1%  increase  will 
increase  system  mass  by  3.7%.  Material  thickness  factor, 
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SKINR,  significantly  affects  the  system  design.  By  construc- 
ting the  envelope  from  different  material  thicknesses , as 
discussed  in  Section  4. 2. 1.5,  a considerable  savings  in  system 
mass  can  be  realized.  Parameters  such  as  free  lift,  F,  and 
supertemperature,  SUPERT,  greatly  influence  the  system  design 
as  noted  by  the  mass  changes.  Prediction  of  these  parameters 
is  very  critical  because  of  their  influence  on  system  mass. 

It  is  obvious  that  discretion  must  be  used  in  all  assumptions 
if  a feasible  system  is  to  be  designed. 


Parameter  Increased 
By  1% 


Mass  Change 
AM 


Absolute  Mass  Change 
AM/M 


SMAT* 

-66.86  kg 

4.01 

SKIND 

61.81 

3.70 

SKINR 

55.83 

3.35 

F 

43.55 

2.61 

SUPERT 

27.30 

1.64 

SFC2 

10.74 

.644 

CD 

10.53 

.631 

PAYM 

9.77 

.585 

SUBPOW 

9.44 

.566 

TMR2 

4.87 

.292 

CFCM 

4.74 

.284 

FINMR 

4.73 

.283 

CELL1 

4.72 

.283 

VOLTFC 

4.71 

.282 

AD  HE 

4.68 

.280 

PROP 

4.65 

.279 

RAD 

4.62 

.277 

UMM2 

4.55 

.273 

STRMR 

4.50 

.269 

FIN 

4.08 

.245 

EPROP 

- 1.65 

.099 

ESPR 

- 1.65 

.099 

EM 

- 1.53 

.092 

ECPPS 

- 1.47 

.088 

ECPSS 

- .58 

.035 

CMM2 

.05 

.0029 

WIRE  3 

.05 

.0029 

BENG4 

.03 

.0018 

CELL2 

.02 

.0012 

CSTRM 

.01 

.00059 

Section 

4.1.2  for  definition  of 

nomenclature . 

% 


TABLE  4.1  SENSITIVITY  OF  SYSTEM  MASS  TO  VARIOUS  DESIGN 

PARAMETERS 


I ■"<' 


1 


1 
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4.3 


System  Concept  Choice 

The  parametric  study  investigated  concepts  applicable  to 
the  system  requirements.  Other  than  the  engineering  analysis 
of  the  graphs  there  are  several  other  factors  which  influence 
the  choice  of  the  system  concept  to  be  designed  for  the  mis- 
sion. The  primary  factors  are  cost,  availability,  reliabil- 
ity, vulnerability,  and  logistics.  There  is  little  specific 
information  available  at  this  time  on  any  of  these  factors 
since  this  is  a specialized  design  utilizing  state-of-the-art 
components  almost  exclusively.  However,  general  comments  re- 
garding the  effect  of  each  of  these  factors  are  discussed  be- 
low. In  addition  tc  this  discussion  a System  Concepts  Com- 
parison table,  Table  4.2,  has  been  compiled  summarizing  the 
primary  factors  and  should  be  referred  to. 

Reliability  of  various  system  components  and  complexity 
of  the  entire  system  which  determines  feasibility  is  the 
most  important  choice  factor.  Solar  cell  arrays  and  fuel 
cells  are  proven  and  reliable  power  sources.  Fuel  cell  oper- 
ational designs  encompassing  environments  ranging  from  under- 
sea to  outerspace  and  including  underground  use  have  been  ac- 
complished, Solar  cells  as  weil  have  a proven  record  for 
outerspace  flights  and  have  been  used  on  a short  duration 
powered  balloon  flight.10 

Batteries  are  a very  reliable  power  source;  however,  as 
discussed  in  Section  4. 2. 1.1,  a battery  powered  vehicle  be- 
comes excessively  heavy  for  flights  beyond  a one  day  mission. 

Reliability  of  internal  combustion  engines  and  gas  tur- 
bines has  not  been  proved  for  altitudes  above  12  km  (40,000 
ft) . Above  this  altitude  ignition  cannot  be  assured  and  a 
turbocharger  is  required  to  maintain  a high  compression  ratio. 

A heater  may  also  be  required  for  the  fuel.  These  additional 
components  would  necessarily  complicate  the  design  of  these 
power  sources  and  decrease  reliability.  The  internal  combus- 
tion engine  and  gas  turbine  engine  could  someday  prove  to  be 
the  most  favorable  power  sources  for  short  duration  (one  week) , 
but  without  a development  effort  they  must  be  considered  un- 
reliable. 

Cost  is  considered  to  be  an  important  choice  factor. 
However,  there  are  other  serious  considerations.  Since  only 
parts  of  this  system  will  be  recoverable  (see  Section  5.5)  it 
is  necessary  to  compare  the  cost  effectiveness  of  various  sys- 
tem concepts  under  normal  operational  use . Of  the  various 
types  of  power  sources  considered  it  is  highly  likely  that 
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SYSTEM  CONCEPT 
(POWER  SOURCE 


solar  Array 


ADVANTAGES 


DISADVANTAGES 


Extended  duration  Array  likely  not  recoverable 
for  futura 

development  Coat 

Complexity  - Elaotronica 

By a tarn  sixa  large  for  7 
day  duration 


MANU™?™RIN0  AVAILABILITY  RELIABILITY 
COSTS 


6 mo.-l  yaar  Good  - 

Exoallant 


Fual  Call 


Provan 

raliability 


Davalopmant  naoaaaary 
Fual  t Tanka  - "Exotic" 


Moderate 


1 year 


Good  - 
Exoallant 


Gaa  Turbina 


System  aixe 
minimised 


High  light-off  speed 

Unproven  for  high  altitude 

Davalopmant  naoaaaary 

Raquiraa  altitude  stabili- 
sation 

aimbaling  of  angina 


Low 

to 

Moderate 


1 year 


Pair  - Good 


system  siaa 
minimised 


Keating  may  ba  required 

Unprovan  for  high  altitude 

Davalopmant  necessary 

Raquiraa  altitude  stabili- 
sation 

Oimbaling  of  engine 


Diaaal 

System  siaa 
minimised 

Coet 

Heating  may  be  required 

unproven  for  high  altitude 

Development  necessary 

Raquiraa  altitude  stabili- 
sation 

Oimbaling  of  engine 

Low 

6 mo. 

Pale  - Good  ^ 

Batteries 

Simplicity 

Excaasivaly  large  ayatam 
Coat 

High 

4 mo. 

1 

Excellent  ; 5 

Struoture  design 

; 1 

TABLE  4.2  SYSTEM  CONCEPTS  COMPARISON 
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the  solar  array  would  be  most  difficult , if  not  impossible, 
to  retrieve.  Since  the  solar  cells  are  adhered  to  the  bal- 
loon surface  and  cover  a large  area  they  cannot  be  detached 
in  flight  and  the  balloon  itself  is  not  considered  retrieva- 
ble. For  long  duration  missions  the  economic  problem  is  not 
as  serious  since  the  solar  cell  cost  can  be  amortized  over  a 
longer  period  of  time. 

The  fuel  cell  is  considered  recoverable;  however,  for 
safety  reasons  the  tanks  may  be  separated  before  being  re- 
leased from  the  balloon  and  parachuted  separately.  There  is 
also  a possibility  that  the  fuel  cell  and  tanks  may  be  dam- 
aged upon  impact.  To  keep  from  damaging  the  fuel  cell  a mid- 
air snatch  recovery  may  be  desirable . 

All  components  of  the  internal  combustion  and  gas  tur- 
bine power  sources  are  considered  recoverable,  but  here  again 
a snatch  recovery  may  be  required  to  eliminate  impact  damage. 

Except  for  variations  in  power  source  costs  all  other 
components  of  the  various  systems,  such  as  motors,  reducers, 
telemetry,  structures,  propeller,  etc.,  will  incur  similar 
expenses  providing  they  are  of  the  same  size.  It  is  general- 
ly conceded,  however,  that  the  smaller  the  system  the  lower 
the  cost. 

Availability  of  power  sources  and  components  is  of  prime 
consideration.  Development  of  components  must  also  be  taken 
into  account  in  the  lead  time  necessary  for  procurement  since 
the  majority  of  the  components  are  unique  to  the  system  de- 
sign; and  consequently,  they  are  not  off-the-shelf  items. 

There  are  no  major  problems  anticipated  in  procurement  and  no 
definite  advantages  of  one  type  over  another;  however,  actual 
procurement  time  necessary  for  the  various  power  sources  and 
components  can  only  be  estimated  at  this  time. 

Vulnerability  is  not  considered  to  be  a very  important 
factor  for  variations  in  system  concept.  Because  of  the  fra- 
gile nature  of  the  balloon  itself,  necessary  design  measures 
such  as  wear  patches  and  protective  coverings  are  required  of 
any  of  the  power  source  systems  and  components.  Since  the 
mission  requirement  is  for  a station  keeping  vehicle  the  sys- 
tem is  not  vulnerable  to  impact  shocks  associated  with  launch- 
es and  landings . 

The  logistics  involved  will  naturally  affect  the  opera- 
tional costs  of  the  system.  However,  except  for  the  fuel 
cell  LC>2  and  LH2  logistics  costs  would  not  vary  significantly 


between  system  concepts)  and,  as  with  vulnerability,  logis- 
tics is  not  a very  important  factor  in  making  a tradeoff  be- 
tween the  systems. 

In  review  of  the  System  Concepts  Comparison  table  and 
the  graphical  analysis,  if  it  iB  assumed  that  all  concepts 
are  feasible,  then  reliability  and  cost  are  considered  to  be 
the  most  important  factors.  Since  all  of  the  low  cost  sys- 
tems have  unproved  power  sources  these  systems  are  being 
ruled  out  without  an  R & D program  to  develop  a gas  turbine, 
rotary  piston,  or  Diesel  engine. 

As  mentioned  previously,  the  battery  choice  can  be  ruled 
out  since  it  is  not  operationally  feasible  because  of  system 
size.  The  two  remaining  power  sources,  fuel  cell  and  solar 
cell  array,  are  considered  the  only  feasible  sources  for  a 
system. 

The  fuel  cell  concept  appears  attractive  for  missions 
up  to  one  week  in  duration.  Beyond  one  week  the  fuel  cell 
system  becomes  increasingly  large  due  to  the  additional  fuel 
required  to  propel  the  system.  As  mentioned,  the  fuel  cell 
is  a very  reliable,  proven  source  with  little  development 
effort  necessary.  With  operational  restrictions  and  increas- 
ed cost,  the  solar  array  powered  vehicle  is  not  considered 
as  being  competitive  with  the  fuel  cell  powered  system  for 
short  duration.  It  should  be  noted  that  for  extremely  long 
duration  missions  the  solar  array  concept  would  be  the  only 
feasible  choice. 

The  final  choice  then  for  this  7 day  mission  was  the 
fuel  cell  powered  vehicle.  Even  though  the  biaxially  orien- 
ted nylon  film  has  not  been  fully  investigated  it  was  decided 
to  assume  its  use  in  the  design  because  of  the  relative  ad- 
vantages of  using  this  film  as  compared  to  polyester  film. 

The  parametric  analysis  reveals  that  employing  altitude  con- 
trol is  not  justified  and  would  compromise  the  reliability 
of  the  system.  When  altitude  cannot  be  controlled  a nominal 
altitude  of  21.0  km  (70,000  ft)  is  desirable  for  minimum 
winds.  Also,  skin  thickness,  power  and  mass  requirements  de- 
crease as  altitude  increases  so  that  21.0  km  (70,000  ft)  is 
advantageous  in  optimizing  the  system  as  compared  to  18.0  m 
(60,000  ft) . 
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5 


SYSTEM  DESIGN 


The  system  design  for  the  POBAL-S  powered  airship  is 
based  on  the  use  of  an  aerodynamic  shaped  superpress  re  bal- 
loon meeting  the  following  performance  requirements* . 

Duration  7 day  under  continuous  operation 

Airspeed  Constant  at  8.18  m/s  (15.9  kn) 

Altitude  Constant  at  21  km  (70 , 000  ft) 

Payload  Weight  890  N (200  lb) 

Payload  Power  Continuous  500  W 

The  airship  is  propeller  driven  with  the  power  being  sup 
plied  by  a fuel  cell  through  an  electric  motor.  The  overall 
airship  is  shown  in  Figure  5.1. 

5.1  Vehicle 

The  pobal-S  vehicle  consists  of  the  balloon,  which  is 
the  basic  floating  platform,  along  with  the  stern  structure 
and  gondola  which  provide  mechanical  support  interfacing  be- 
tween the  balloon  and  the  components  contained  within  these 
structures . 

5.1.1  Balloon 

The  balloon  is  the  inflatable  member  of  the  system. 

From  a manufacturing  and  technology  standpoint,  the  balloon 
is  considered  to  include  not  only  the  basic  envelope,  or  hull 
but  also  the  fins.  These  components  are  discussed  below. 

5. 1.1.1  Hull.  The  POBAL-S  hull  is  a Class  C shape  with  a 
fineness  ratio  of  5.0.  The  inflated  length  is  113  m (371  ft) 
and  the  volume  is  29,270  m3  (1,034,000  ft3).  The  primary  en- 
velope material  is  a biaxially  oriented  Nylon  6 fiim  lamina- 
tion.** The  airship  hull  is  shown  in  Figure  5.2. 

The  envelope  load  distribution  for  a pressure  zed  aero- 
dynamic shape  hull  is  approximately  that  of  a cylinder;  longi 
tudinal  skin  loading  being  about  half  the  circumferential 
loading.  In  addition,  the  loading  is  proportional  to  the  dis 
tance  from  the  axis  to  the  envelope,  measured  perpendicular 
to  the  envelope . Thus , the  loads  are  maximum  at  the  maximum 

*See  footnote  on  page  7 . 

**Tests  were  performed  on  this  material  and  are  reported 
on  in  Appendix  B. 
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diameter  and  minimum  at  the  fore  and  aft  ends.  Minimum  hull 
mass  requires  a material  whose  thickness  can  be  varied  to 
maintain  a nearly  constant  stress  over  the  length  of  the  bal- 
loon.* Skin  thickness  variation  for  the  POBAL-S  hull  is  ac- 
complished by  constructing  the  hull  in  seven  sections  using 
four  different  thicknesses.  The  four  thicknesses  required 
are  obtained  by  using  multiple  laminations  of  25.4  ym  (1  mil) 
material.  Presently,  25  urn  <1  mil)  is  the  maximum  thickness 
available  for  biaxially  oriented  Nylon  6 in  the  1500  mm  (59 
in)  width.  For  the  design  stress  of  9,825  N/cm2  (14,250  lb/ 
in*),  the  four  laminates  are  102  ym  (4  mil),  127  ym  (5  mil), 
152  ym  (6  mil)  , 203  ym  (8  mil) . 

The  gore  seals  should  be  constructed  as  a butt  seal  with 
an  outside  tape  5.1  cm  (2  inches)  wide  and  inside  tape  3.8  cm 
(1.5  inches)  wide.  Outside  tape  thickness  will  be  25  ym  (1 
mil)  greater  chan  the  inside  tape  thickness.  A seal  construc- 
tion requirement  is  that  the  total  tape  thickness,  excluding 
adhesive,  be  25  ym  (1  mil)  greater  than  the  maximum  laminate 
thickness  being  sealed.  The  fore  and  aft  sections  use  a to- 
tal tape  thicknesj  of  127  ym  (5  mil) , the  127  ym  (5  mil)  sec- 
tions use  a tape  thickness  of  152  ym  (6  mil) , the  152  ym  (6 
mil)  sections  use  a tape  thickness  of  178  ym  (7  mil) , and  the 
center  section  uses  a tape  thickness  of  229  ym  (9  mil) . 

The  balloon  should  be  assembled  as  described  below. 

First,  all  sections  are  sealed  leaving  the  bottom  longitudinal 
seal  open.  Then  the  sections  are  sealed  together  still  leav- 
ing the  bottom  seal  open.  A final  trim  is  made  to  remove 
stress  concentration  points  at  junctions,  and  then  the  final 
longitudinal  seal  is  made  along  the  length  of  the  balloon. 

End  caps  are  finally  installed.  All  external  and  internal  at- 
tachments should  be  installed  on  individual  gores  prior  to 
sealing  of  the  gore.  In  instances  where  this  is  not  feasible, 
attachments  should  be  made  as  early  in  the  assembly  sequence 
as  possible. 

All  loads  on  the  balloon  are  carried  by  the  balloon  act- 
ing as  a pressurized  beam.  The  critical  bending  moment  which 
causes  the  beam  to  buckle  is7: 

« APtrr  " 


*Hull  mass  would  increase  by  11%  for  the  same  hull  con- 
structed with  longitudinal  gores  of  a single  152  ym  (6  mil) 
laminate . 
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where  AP  is  the  differential  pressure  and  r is  the  radius  of 
the  cross  section. 

The  force,  F,  required  to  buckle  the  balloon  at  any  giv- 
en section  iss 

F i*  Mc/L 

where  L is  the  axial  length  from  the  section  to  the  point 
where  the  force  is  acting.  Substituting  for  Mc  the  equation 
becomes  s 


F = APirrVL 

Upon  examination  of  the  equation,  it  should  be  noted  that  AP 
is  constant  for  any  section  of  the  balloon.  Also,  since  the 
radius  is  cubed,  its  influence  on  the  maximim  supportable 
load  F is  much  greater  than  the  lever  arm  L.  Thus,  it  is  rea- 
sonable to  expect  the  critical  buckling  section  to  be  located 
at  the  tail  where  r is  small.  This  will  occur  at  the  tail 
since  the  radius  approaches  zero  but  must  still  carry  the 
bending  moment  due  to  the  stern  structure  and  propulsion  com- 
ponents . 

The  buckling  force  is  calculated  with  the  assumption  that 
it  acts  at  the  gimbal  axis,  one  meter  aft  of  the  balloon.  A 
differential  pressure  of  238.5  N/m2  (0.346  ] o 1 . > 2 ) is  used. 
This  assumes  an  operating  altitude  of  21  km  , ,000  ft)  , 20% 
free  lift,  and  -10%  supertemperature.  This  is  anticipated  to 
be  the  minimum  pressure  condition.  Station  111.13  corresponds 
to  the  location,  where  the  tail  reinforcing  battens  terminate. 
At  this  location  r has  a value  of  2.266  m (7.435  ft)  and  L 
has  a value  of  2.870  m (9.416  ft).  Using  these  values,  the 
critical  buckling  load  is  determined  to  be  3,038  N (683  lb). 
Since  the  actual  applied  load  at  the  gimbal  is  only  801  N 
(180  lb),  the  margin  of  safety  is  2,8.  This  is  more  than  ade- 
quate to  account  for  transient  loading  conditions. 

If  F is  sot  equal  801  N (18u  lb)  the  equation  can  be 
solved  for  the  critical  buckling  pressure.  Using  a safety 
load  factor  of  1,5: 

APcrit  « (1.5)  (801  N)  (L)  / (trr 3 ) 

* 62.9  N/m2 

For  the  POBAL-S  balloon  at  21  km  (70,000  ft)  with  20% 
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free  lift,  94.3  N/m2  (0.37  lb/in2)  corresponds  to  a supertem- 
perature of  -12.6%.  The  margin  of  safety  for  -10%  supertem- 
perature is  high,  but  because  of  the  uncertainty  in  predict- 
ing minimum  super temperature,  a pressure  sensor  should  be 
used  to  shut  the  propulsion  system  down  before  critical  buck- 
ling pressure  is  reached.  A manual  remote  override  should  be 
provided  in  case  the  automatic  switch  malfunctions. 

5. 1.1. 2 Fins.  Fin  sizing  and  location,  as  shown  in  Figure 

5.1,  is  based  on  a scale  model  airship  similar  to  POBAL-S.1  5 
Total  surface  area  for  the  cross  configured  fins  is  284.8  m2 
(3,066  ft2).  The  mean  aerodynamic  center  is  48.88  m (150.5 
ft)  aft  of  the  center  of  buoyancy. 

The  fins  are  constructed  of  biaxially  oriented  Nylon  6 
material  and  consist  of  a 25  ym  (1  mil)  membrane  supported  by 
two  air  inflated  cones.  The  support  cone  material  is  51  ym 
(2  mil)  thick.  Physical  dimensions  of  a fin  are  approximate- 
ly 5,8  m (19  ft)  by  12.2  m (40  ft) . The  base  diameter  of  a 
cone  is  1.32  m (4.33  ft),  and  the  tip  diameter  is  0.20  m (0.66 
ft)  . 


The  cones  are  separate  of  the  balloon  envelope  and  are 
pressurized  by  an  air  pump,  Gast  model  0330.  Relief  valves 
would  be  installed  on  individual  fins  or  within  the  pressur- 
izing system.  The  air  pump  can  operate  continuously,  can 
pressurize  to  68%  of  ambient  pressure,  and  can  develop  a 
flow  rate  of  9.4  x 10"1*  m3/  sec  (2  ft3/min)  at  no  back  pres- 
sure. Because  constant  pressure  can  be  maintained,  the  prob- 
lem of  structural  failure  due  to  leakage  is  avoided. 

Since  the  cones  are  air  inflated  separate  of  the  balloon, 
the  critical  buckling  section  will  be  at  the  hull/fin  inter- 
face, providing  the  cone  pressure  is  always  greater  than  the 
hull  pressure.  The  maximum  allowable  differential  pressure 
for  an  inflated  cone  is  a function  of  the  hoop  stress.  The 
hoop  stress  is  1 * : 

S * pR/(t  cos  0) 

where  p is  the  differential  pressure,  R is  the  radius  of  cir- 

rvMcEemore , Clyde  H.,  Wind-Tunnel  Tests  of  a 1/10-Scale 
Airsh ip  Model  with  Stern  Propellers,  NASA  TN  D-1026,  Langley 
Research  Center,  National  Aeronautics  and  Space  Administra- 
tion, January  1962. 

1 6 Roark,  Raymond  J.,  Formulas  for  Stress  and  Strain,  Mc- 
Graw-Hill. 1965. 
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cumference,  t is  the  material  thickness  and  9 is  the  half 
cone  angle. 

The  maximum  allowable  differential  pressure  is  reached 
when  the  hoop  stress  equals  the  allowable  material  tensile 
stress,  Ft.  By  rearranging  the  equation,  the  maximum  infla- 
tion pressure  is  determined  by: 

p'  = (Ft  t cos  0)/R' 

where  the  prime  designates  maximum  values . 

If  the  material  is  stressed  to  8,274  N/om2  (12,000  lb/ 
in2),  the  present  conical  configuration  can  withstand  a dif- 
ferential pressure  of  6,305  N/m2  (0.914  lb/in2) . This  is 
more  than  1.3  times  the  ambient  pressure  at  21  km  (70,000 
ft) . Maintaining  a cone  pressure  greater  than  the  balloon 
pressure  is  dependent  upon  the  air  pump  and  not  limited  by 
the  material  stress.  Based  on  a super temperature  of  10%, 
the  maximum  balloon  differential  pressure  will  be  1,330  N/m2 
(0.193  lb/in2)  or  less  than  0.3  times  the  ambient  pressure. 

Since  the  air  pump  performance  is  adequate  to  maintain 
a cone  pressure  greater  than  the  hull  pressure,  the  follow- 
ing analysis  takes  the  hull/fin  interface  as  the  critical 
buckling  section. 

Air  loads  are  assumed  to  be  distributed  as  follows : 

1.  Fin  aerodynamic  loads  are  applied  evenly  along 
the  quarter  cord. 

2.  All  loads  are  reacted  at  the  base  of  the  cones. 

3.  Deflection  of  the  cone  is  computed  for  an  evenly 
distributed  load. 

4.  Skin  friction  drag  of  the  membrane  is  neglected. 

Since  the  lift  force  acts  at  the  quarter  cord,  the  for- 
ward cone  reacts  three-fourths  of  the  load  and  the  aft  cone 
one-fourth.  It  is  only  necessary  to  show  the  integrity  of 
the  forward  cone.  Critical  buckling  force  is  dependent  upon 
the  balloon's  minimum  differential,  and  is  given  by: 

Fb  = MC/.5L 

where  Fb  is  the  buckling  force,  Mc  is  the  critical  bending 
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moment/  and  L is  the  inflated  length  of  cone  (,5L  is  used 
since  the  load  is  assumed  to  be  evenly  distributed. 

The  critical  bending  moment,  M,  is: 

Mc  « APttR  3 

where  AP  is  the  cone’ differential  and  R is  the  cone  base 
cross  section  radius.  Substituting  for  Mc  the  equation  for 
critical  buckling  forces  becomes: 

Fb  » 2rR  SAP/L 

For  the  present  configuration: 

AP  = 2.38.5  N/m2  (0.0346  lb/in2) 

R *»  .66  m (2.2  ft) 

L * 5.8  m (19  ft) 

The  critical  buckling  load  is  73.8  N (16.6  lb).  It  is 
a vector  sum  of  three-fourths  of  the  fin  lift  and  all  of  the 
aerodynamic  drag  acting  on  the  cone.  An  approximate  drag 
force  is  determined  by  assuming  the  cone  to  be  a cylinder 
with  a splitter  plate  having  a Cn  value  of  0.591  7 . Based 
on  frontal  area  and  8.158  m/s  (15.86  kt)  airspeed,  the  drag 
force  is  9.5  N (2.1  lb).  The  critical  lift  force  reacted 
by  the  cone  is : , 

Flc  = (73. 82  - 9.52)1* 

= 73.2  N (16.5  lb) 

Since  the  cone  reacts  to  three-fourths  of  the  aerodynam- 
ic lift  of  the  fin,  the  total  lift  generated  by  the  fin,  Lf 
is  97.7  N (21.9  lb).  This  load  is  the  critical  buckling 
lift  for  the  fin. 

A maximum  allowable  angle  of  attach  for  the  fin  can  be 
calulated  from: 

Lf  * qataSt 

where  q is  the  dynamic  pressure,  at  is  the  fin  lift  curve 
1 'Hoerner,  Sighard  F.,  Fluid-Dynamic  Drag.  1958. 
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slope,  a is  the  fin  angle  of  attack,  and  is  the  fin  area. 

The  fins  are  expected  to  operate  with  a lift  curve  slope 
in  the  range  of  1.7  to  2.9  rad"1  (0.03  to  0.05  deg-1).  This 
analysis  assumes  a value  of  2.3  rad"1  (0.04  deg"1  ) for  a^. 

In  addition  a 1.5  factor,  n,  is  applied  to  the  critical  fin 
load  as  a transient  condition. 

For  a velocity  of  8.158  m/s  (15.86  kn)  , the  angle  of 
attack  must  be  less  than  0.16  rad  (9.1  deg)  to  prevent  buck- 
ling. Since  the  fins  are  located  on  the  balloon  axis,  the 
angle  of  attack  limitation  can  be  applied  directly  to  the 
balloon.  The  additional  control  provided  by  the  gimbaled 
thrust  vector,  should  enable  the  autopilot  to  maintain  an 
angle  of  ±.052  rad  (±3  deg).  The  fin  design  has  a margin  of 
safety  near  2.0. 

The  deflection  of  the  beam  by  the  "Method  of  Dummy-Unit 
Loads"  is  evaluated  ass18 


L 


where  M is  the  bending  moment  in  terms  of  x,  m is  the  bend- 
ing moment  in  terms  of  x due  to  a unit  load  acting  at  the 
section  where  y is  to  be  avaluated,  E is  the  modulus  of 
elasticity,  and  I is  the  section  moment  of  inertia. 

For  an  evenly  distributed  load  of  "w"  per  unit  length: 


M = wx2/2 


and  for  a unit  load  at  the  end  point: 
m = x. 

Section  moment  of  inertia  for  a thin  film  beam  is: 

I = nr  3t 

where : 

r = .1  + .56  x/L  (xQ  is  opposite  cantilevered  end) 

1 eBruhn,  E.F.,  Analysis  and  Design  of  Flight  Vehicle 
Structures , Tri-State  Offset  Co.,  Cincinnati.  1965 . 
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The  integral  becomes : 


rL 

/ 


For  the  design  parameters,  the  integral  yields  a de- 
flection of  0.043  m (0.14  ft).  Based  on  test  results  from 
pressurized  cylinder  beams  a deflection  of  0.15  m (0.49  ft) 
to  0.23  m (0.75  ft)  is  predicted.7  However,  the  loading 
condition  was  an  end  load  versus  an  assumed  distributed 
load.  Classical  beam  analysis  shows  the  end  deflection  due 
to  a distributed  load  to  be  37.5%  of  the  deflection  due  to 
an  end  load  condition.  When  this  factor  is  applied  to  the 
values  predicted  by  the  tests,  the  deflection  range  is  0.056 
m (0.18  ft)  to  0.086  m (0.28  ft).  This  indicates  that  buck- 
ling will  occur  before  any  significant  deflection  takes 
place  due  to  cone  bending. 


5.1.2 


Stern  Structure 


The  stern  structure  houses  the  power  train  and  the  gim- 
bal  mechanism  which  controls  the  airship  flight  stability 
and  direction.  It  is  composed  of  three  sections  as  shown 
in  Figures  5.3  and  5.4.  They  are  designed  to  react  bending, 
torque,  and  thrust  loads  into  the  envelope.  All  of  the 
framework  is  constructed  from  6061-T6  aluminum  tubing  with 
1.25  mm  (0.049  in)  wall.  This  alloy  combines  excellent  weld 
properties  with  good  machinability . The  design  is  based 
upon  an  engineering  stress  analysis  to  show  integrity  of  the 
structure.  The  analysis  was  modeled  after  a similar  effort 
on  a tail  mounted  gimbaled  propeller  system  using  a unit 
load  solution  in  combination  with  expected  loading  condi- 
tions1 9 . It  is  expected  that  the  maximum  load  condition 
will  result  from  gyroscopic  moments  and  yaw  forces  on  the 
propeller. 

The  stern  assembly  is  attached  by  lacing  the  battens  to 
the  hull.  This  is  a proven  design  but  requires  additional 
rigging  time  during  launch.  No  attachment  should  be  made  to 
the  termination  ring  since  it  is  not  a structural  member  but 
is  included  only  to  protect  the  envelope  and  maintain  batten 
rigidity  during  launch. 

1 ’Soudry , J . G . , Structural  Analysis  Report,  Silent  Joe 
II  Program,  GER  14356,  Goodyear  Aerospace  Corporation,  Ad- 
vanced  Research  Projects  Agency,  Order  No.  1255.  29  April 

1969. 
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Figure  5.4  Stern  atructure,  end  view 
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5.1.3  Gondola 

The  gondola  houses  the  fuel  cell  with  associated  hard- 
ware and  fuel  tanks,  the  payload,  the  command  telemetry  sys- 
tem, control  unit,  and  the  autopilot.  Pratt  & Whitney  de- 
rived the  original  design  of  the  framework  under  a subsequent 
contract  with  the  spdnsor;  and  except  for  some  changes  in 
the  framework,  the  design  shown  in  Figure  5.5  is  essentially 
identical  to  the  original  design20.  One  of  the  primary  pur- 
poses of  the  expendable  membrane  support  is  to  protect  the 
fuel  cell,  associated  hardware,  and  payload  upon  termination 
of  the  mission  as  discussed  in  Section  5.5.  When  the  flight 
is  terminated  the  entire  gondola  will  be  parachuted  back  to 
earth.  Since  high  winds  may  be  encountered  upon  descent, 
the  impact  vector  may  be  as  much  as  .79  rad  (45  deg)  caus- 
ing the  gondola  to  roll  after  impact.  Thus,  the  parachute 
will  be  cut  loose  upon  impact,  preventing  the  gondola  from 
being  dragged.  The  landing  shock  of  the  gondola  will  be 
attenuated  by  the  aluminum  radiator  panel,  the  crushable 
aluminum  honeycomb  base,  the  external  frame,  and  the  elasto- 
meric shear  mounts. 

The  water  storage  bag  will  be  fabricated  from  1.7  N/m2 
(5  oz/yd2)  urethane  coated  nylon  fabric.  This  bag  will 
store  approximately  .205  m3  (45  gallons)  of  water  which  is 
to  be  discharged  by  the  fuel  cell. 

The  total  weight  is  5,007  N (1,126  lb)  when  the  expend- 
able membrane  support,  housekeeping  electronics,  and  para- 
chute are  all  accounted  (See  Section  5.1.4).  The  center  of 
gravity  of  the  gondola  is  located  35.9  m (118  ft)  from  the 
nose  of  the  balloon  as  shown  in  Figure  5.1.  The  C.G.  is 
maintained  in  the  same  position  horizontally  but  shifts  ap- 
proximately 0.18  m (7.1  in)  down  as  the  fuel  is  consumed. 

The  gondola  is  suspended  beneath  the  balloon  by  a dis- 
tance equal  to  the  height  of  the  gondola  in  order  to  mini- 
mize drag  and  reduce  the  tension  on  the  load  lines.  This 
results  in  the  suspension  lines  pulling  at  an  angle  of  .93 
rad  (53.5  deg)  from  the  vertical  as  seen  in  Figure  5.6.  The 
total  load  in  the  suspension  lines  is  8675  N (i.950  lb)  and 
one-half  of  this  load  is  transmitted  into  each  side  of  the 


7 “Handley , L . M . , Study  of  Fuel  Cell  System  for  Powered 
Balloon,  PWA-4792,  Pratt  & Whitney  Aircraft.  Air  Force  Cam- 
bridge Research  Laboratories,  AFCRL-TR-73-0447 . September 
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Parachute  Box 
Radiator  (Below  Base) 


Figure  5.5  Gondola. 
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Figure  5.6  Gondola  suspension,  end  viev 


balloon.  To  prevent  overstresaing  of  the  envelope  under 
pressurized  conditions  the  hull  in  this  area  is  designed  with 
203  urn  (8  mil)  instead  of  152  pm  (6  mil)  material  (See  Figure 
5.3)  . 


Three  load  patches  on  either  side  of  the  gondola,  as 
shown  in  Figures  5.1,  5.6  and  5.7,  are  used  to  hold  the  gon- 
dola. The  load  patches  would  be  constructed  from  a high 
strength  nylon  fabric  and  would  be  adhered  to  the  balloon 
skin  using  a liquid  adhesive.*  The  patch  would  be  of  a cat- 
enary type  construction  with  nylon  webbing  sewn  along  the 
parabola  to  distribute  the  load  uniformly  throughout  the 
patch.  Load  lines,  which  would  be  lightweight  steel  cables, 
would  lead  from  a "V"  ring  on  the  patch  to  an  eyebolt  on  the 
edge  of  the  platform. 

Seven  additional  patches,  two  on  each  side  and  three 
directly  over  the  gondola,  will  be  used  during  the  launch 
sequence.  These  are  shown  in  Figure  5.6  and  are  discussed 
further  in  Section  5.5. 

5.1,4  Weight  Summary  and  Distribution 

Table  5.1  summarizes  the  system  weights;  i.e.,  a break- 
down of  the  weights  of  major  vehicle  components  along  with 
weights  of  components  contained  within  the  structure.  The 
horizontal  position  of  the  canter  of  gravity  is  also  present- 
ed. The  center  of  gravity  distances  are  measured  from  the 
nose  of  the  airship.  The  airship  center  of  buoyancy  is  lo- 
cated at  49.9  m (164  ft)  from  the  nose.  Vertical  alignment 
of  the  airship  center  of  gravity  to  the  center  of  buoyancy 
determines  the  gondola  location. 

5. 2 Propulsion  Drive  Train 

The  propulsion  drive  train  consists  of  the  motor,  speed 
reducer,  and  propeller  with  the  electrical  energy  being  sup- 
plied by  the  fuel  cell  which  is  discussed  in  Section  5.5.1. 
The  framework  which  houses  the  drive  train  was  discussed  in 
Section  5.1.2,  The  following  is  a summary  of  the  drive 
train  power  allocations: 


*Tests  were  performed  to  determine  structural  integrity 
of  the  patches.  These  tests  are  reported  on  in  Appendix  B. 
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Balloon 

Pins 

Hull 


Item 


Total  Balloon 


Stern  Structure 
Motor 
Converter 
Gimbal  Motors 
Speed  Reducer 
Structure 
Prop 


Gondola 


Total  Gondola 
Wire,  Gondola  to  Motor 
Total  System  Weight 


Weight*  (N) 


168.7 

12,039.8 


(2,744.7  lb) 


34.3 
222.7 
3.9 
68.7 
192.3 
196.2 
718.1 
(161.4  lb) 


Payload 

889.8 

Housekeeping  Electronics 

290.4 

Fuel  Cell 

636.1 

H2  Tank  (Full) 

685.0 

02  Tank  (Full) 

1,650.2 

Water  Bag  (empty) 

22.2 

Radiator 

97.9 

Piping  and  Wiring 

66.7 

Frame  Structure 

348.1 

Paraahute  Assembly 

311.0 

(1,125.8  lb) 

216.8 
(48.7  lb) 

18,150.0 
(4,080.7  lb) 


C.G,  (m) 

98.20 

50.92 

TT3T 

(169.20  ft) 


113.84 
(373.51  ft) 


(117.8  ft) 
74.0 

(242.8  ft) 
49.9 

(163.6  ft) 


*A11  weight  calculations  assume  the  acceleration  due  to 
gravity  to  be  9.81  m/s2.  This  estimates  the  gravitational 
forces  to  be  0.7%  greater  than  actually  experienced  at  float 
altitude. 


TABLE  5.1  SYSTEM  WEIGHT  SUMMARY 
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Motor 

Speed  Reducer 
Propeller 


Input 

Power  Efficiency 
1 . BTTw  75% 

1.35  kW  96% 

1.30  kW  78% 


Output 
Power 
1.35  kW 
1.30  kW 
1.01  kW 


5.2.1  Propulsion  Motor 


The  propulsion  motor  preliminary  design  was  furnished 
by  Lear  Motors  Corporation.  Several  motor  vendors  had  been 
contacted,  and  this  particular  design  appeared  to  be  most  ad- 
vantageous. The  prime  factors  in  the  selection  of  the  pro- 
pulsion motor,  in  addition  to  the  normal  considerations  of 
power,  speed,  etc.,  were  efficiency,  weight,  and  high  alti- 
tude capability.  It  was  felt  that  the  high  altitude  capabil- 
ity could  best  be  provided  by  a brushless  DC  motor.  Most 
brushless  motors  consist  of  an  electronic  unit  and  a rota- 
ting machine.  It  is  beneficial  to  have  the  mass  of  the  ro- 
tating machine  very  small  in  order  to  provide  flexibility  in 
the  design  of  the  gimbaled  structure.  The  brushless  concept 
fits  this  need  nicely  by  having  an  electronic  converter  unit 
which  may  be  located  remotely  from  the  rotating  machine  if 
desired.  Also,  the  motor  is  very  light  weight  and  small  in 
size.  A specific  advantage  of  the  Lear  Reno  motor  is  the 
ability  to  start  and  stop  the  motor  with  a 0-5  VDC , TTL 
(transistor-transistor  logic)  compatible  It.  jic  signal.  This 
eliminates  the  heavy  contactors  required  to  start  and  stop 
other  types  of  propulsion  motors.  It  should  be  noted  that 
this  feature  is  available  due  to  the  use  of  transistors  as 
switches  in  the  electronic  converter.  A more  powerful  motor 
would  necessitate  the  use  of  SCR's  (silicon  controlled  rec - 
tifiers) , which  are  difficult  to  turn  off,  and  thereby,  re- 
quire external  circuity  involving  power  losses  and  weight 
penalties . 
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The  Lear  design  is  not  the  DC  to  AC  inverter  driving  an 
AC  motor  scheme  used  by  many  brushless  motor  manufacturers. 
Instead,  a patented  means  of  electronic  commutation  is  em- 
ployed. The  efficiency  of  the  Lear  motor  and  electronics 
was  the  highest  of  all  motors.  The  proposed  design  develops 
1.35  kW  (1.81  lip)  at  a speed  of  1050  rad/s  (10,000  rpm)  . 

The  current  drain  is  60  A steady  state  at  30  VDC  and  72A 
while  starting.*  The  start-up  time  of  the  motor  under  full 

*The  design  received  from  Lear  Motors  Corporation  was 
based  on  24  VDC  operation.  The  value  for  current  has  been 
adjusted  for  30  VDC  operation. 


load  is  estimated  to  be  three  minutes  maximum.  Size  00  cop- 
per wire  is  proposed  to  carry  current  from  the  fuel  cell  to 
the  motor.  This  wire  has  a weight  of  5.9  N/m  (0.404  lb/ft), 
and  two  wires  are  required.  The  efficiency  of  the  motor,  in- 
cluding its  electronic  converter,  is  75%.  The  size  of  the 
motor  is  12  cm  dia  x 12  cm  (4.7  in  dia  x 4.7  in)  and  the 
converter  is  32  x 32  x 16  cm  (13  x 13  x 6.3  in) . The  total 
weight  is  247  N (58  lb)  and  the  heat  sink  requirements  are 
216  W at  5U°C  for  the  converter  plus  245  W at  90°C  for  the 
motor.  Figures  5.8  and  5.9  show  physical  characteristics  of 
the  motor  and  converter  respectively.  Performance  charac- 
teristics are  shown  in  Figure  5.10. 

5.2.2  Speed  Reducer 

A speed  reducer  with  a reduction  ratio  of  133:1  is  re- 
quired to  interface  the  10,000  rpm  motor  with  the  75  rpm  pro- 
peller. Figures  5.11  and  5.12  illustrate  the  proposed  belt 
type  reducer.  The  Gates  Rubber  company  was  contacted  for 
design  information  concerning  sheave  diameters,  size  of  belts, 
belts  per  stage,  and  number  of  stages  for  optimum  efficiency. 
The  three  stage  reducer  will  have  an  operating  life  of  4000 
hours  at  96%  efficiency.  Maximum  allowable  temperature  for 
continuous  operation  is  82 DC.  Physical  size  is  estimated  to 
be  36  x 34  x 18  cm  (14  x 13  x 7.1  in)  and  the  weight  is  es- 
timated at  68.7  N (15.4  lb). 


5.2.3 


Sensenich  Corporation  provided  the  aerodynamic  design 
of  the  propeller  to  be  used  on  POBAL-S . The  design  was 
based  upon  requirements  furnished  by  Raven  plus  the  flow  dis- 
tribution into  the  propeller  disc  area  based  upon  tests  per- 
formed on  a tail  powered  airship  model.1  5 

The  basic  design  details  are  as  follows: 


Number  of  blades 
Diameter 
Rotation  speed 
Thrust 
Efficiency 

Volume  of  each  blade 
Surface  area  of  each 
blade 


3 

10.36  m (34.0  ft) 

75  RPM 

119  N (26.8  lb) 

78% 

0.3613  m ® (12.76  ft3) 
7.273  m2  (78.29  ft2) 


Figure  5.13  shows  the  propeller  outline  with  sections. 
The  graphs  of  Figure  5.14  show  the  distribution  of  surface 
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Figure  5.8  Motor  configuration 
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Figure  5,12 
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area  and  volume  elements  of  each  propeller  blade. 

The  fabrication  design  was  derived  at  Raven  Industries 
and  is  based  upon  past  experience  using  two  and  three  bladed 
light  weight  propellers.  Because  of  the  size  of  the  propell- 
er required  to  efficiently  propel  the  airship  at  these  alti- 
tudes it  is  essential  that  extreme  weight  saving  techniques 
be  used.  Consequently,  the  propeller  will  be  constructed 
utilizing  6.4  mm  thick  x 6.4  mm  cell  (.24  in  thick  x .25 
in  cell)  Hexcell  honeycomb  of  .018  mm  (.0007  in)  aluminum 
with  face  sheets  of  .051  mm  (.002  in)  Mylar  and  .127  mm  (.005 
in)  aluminum  as  shown  in  Figure  5.15.  Honeycomb  design 
and  construction  is  more  detailed  than  other  types  of  struc- 
ture, however,  it  represents  the  best  choice  when  a high 
stiffness  to  weight  ratio  is  required.  Until  the  fabrication 
technique  is  actually  tested,  the  weight  of  the  propeller 
cannot  be  accurately  estimated,  but  based  upon  the  recommend- 
ed construction  the  estimated  weight  is  196  N (44  lb) . 


Figure  5.15  Propeller  blade  construction, 


5.2.4 


Thermal  Analysis 


A simplified  thermal  analysis  has  been  performed  to  de- 
termine if  special  precautions  will  bs  necessary  in  control- 
ling the  operating  temperature  of  the  motor  or  speed  reducer, 
The  analysis  accounted  for  heat  dissipation  only  through  ra- 
diation. Consequently,  the  temperature  estimates  are  higher 
than  would  actually  be  experienced  since  convective  and  con- 
duction heat  losses  are  ignored. 
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The  motor,  electronic  converter,  and  speed  reducer  were 
considered  as  a single  unit  mounted  on  a common  heat  sink. 

The  maximum  allowable  operating  temperatures  are  90°C  for 
the  motor,  50°C  for  the  converter,  and  82°C  for  the  speed 
reducer.  The  radiating  surface  areas  were  estimated  as  452 
cm2  (70  in2),  3072  cm2  (476  in2),  and  3165  cm2  (491  in2)  re- 
spectively for  a total  of  6689  cm2  (1037  in2). 

The  radiation  impinging  the  unit  i 3 considered  to  be 
1390  W/m2  (129  M/ft2)  solar,  119  W/m2  (11  W/ft2)  albedo,  and 
250  W/m2  (23  W/ft2)  terrestial.  The  absorption  factor  is 
estimated  to  be  that  of  a white  body,  0.22  for  solar  or  al- 
bedo and  0.98  for  terrestial.21  The  absorption  area  is  con- 
sidered to  be  one  half  of  the  total  radiating  area  for  solar 
and  albedo  radiation  which  results  in  heat  inputs  of  102  w 
solar  and  9 W albedo.  The  absorption  area  for  terrestial 
radiation  is  estimated  to  be  1510  cm2  (234  in2)  which  re- 
sults in  37  W terrestial  input.  The  internal  heat  generated 
by  the  motor  (with  converter) , and  speed  reducer  is  estima- 
ted to  be  500  W.  Thus,  the  total  heat  input  is  648  W.  us- 
ing an  emittance  of  0.92  for  a white  body  at  50 °C  in  the 
Ste fan- Bolt zman  equation,  the  total  radiating  surface  area 
required  is  estimated  to  be  11,410  cm2  (1769  in2)  which  is 
almost  twice  the  radiating  area  available. 71 

It  appears  that  special  precautions  may  need  to  be  ta- 
ken to  avoid  overheating  any  of  the  power  train  components . 
Several  solutions  can  be  considered,  such  as,  separating  the 
converter  from  the  motor  and  speed  reducer,  shading  the  unit 
from  solar  radiation,  using  various  coatings  for  thermal  con- 
trol, increasing  the  radiation  area,  or  any  combination  of 
the  above  alternatives.  However,  a more  exact  analysis 
should  be  performed  prior  to  incorporating  any  of  these  al- 
ternatives, 

5.3  Flight  Control  System 

The  purpose  of  the  flight  control  system  is  two-fold; 
it  keeps  the  airship  stable,  and  it  permits  remote  control 
of  the  flight  course.  Although  lighter  than  air  vehicles 
move  slowly,  they  require  some  form  of  control  to  achieve 
stable  flight.  The  flight  control  system  consists  of  a two- 
axis  gimbal  mechanism  which  is  driven  by  an  autopilot  and 
associated  sensors.  The  propulsion  motor  is  mounted  on  a 
platform  which  is  gimbaled  to  provide  pitch  and  yaw  devia- 

21 Van  Vliet,  Robert  M.,  Passive  Temperature  Control  in 
the  Space  Environment,  MacMillan  & Co.,  1963. 
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tions.  This  structure  is  discussed  in  Section  5.4.  Reversi- 
ble electric  gimbal  motors  drive  rotary-to- translational  ac- 
tuators which  are  essentially  independent  of  each  other.  A 
block  diagram  of  the  control  system  is  shown  in  Figure  5.16. 
Each  channel  is  a servo- system  which  reacts  to  an  error  sig- 
nal that  represents  the  difference  between  a desired  atti- 
tude and  the  actual  attitude.  Also,  rate  damping  is  provid- 
ed to  prevent  oscillations. 

The  estimated  gimbal  design  characteristics  are  as  fol- 
lows : 

Gimbal  position  range  ■ ±0.785  rad  (±45  deg) 

Maximum  gimbal  rate  «*  0.0524  rad/s  (3  deg/s) 

Maximum  acceleration  = 0.00873  rad/s 2 (0.5  deg/s2) 

Gimbal  lever  arm  « 17.8  cm  (7.01  in) 

Gimbal  friction  torque  ■ 2 Nm  (1.47  ft- lb)  @ 0.0524  rad/s 

Gimbal  static  moment  of  inertia  ■ 167  Nms2  (123  ft/lb/s2) 

Propeller  gyroscopic  torque  on  gimbal  ■ 81.6  Nm  (60.2 

ft-lb) 

Gimbal  position  deadzone  - 0.008  rad  (0.458  deg) 

Using  these  estimates,  the  preliminary  design  of  the  control 
system  was  completed.  In  the  final  design  and  stability 
analysis  these  values  would  be  expected  to  change  slightly. 

In  the  following  sections  each  servo  loop  is  examined  in 
greater  detail. 


5.3.1 


Gimbal  Mechanism 


The  gimbal  mechanism  of  the  control  system  contains  the 
mechanical  components  represented  in  Figures  5.16  and  5.17. 
Mechanical  parts  include  the  gimbal  motor,  actuator,  and 
positioh  transducer.  The  yaw  axis  is  formed  by  gimballing 
the  propulsion  assembly  within  the  gimbal  frame.  A ball- 
screw  operating  between  the  frame  and  speed  reducer  housing 
provides  yaw  control.  The  pitch  axis  is  made  independent  by 
gimballing  the  frame  within  the  support  structure.  Pitch 
control  is  provided  by  a baliscrew  operating  between  the 
support  structure  and  a lever  attached  to  the  pitch  shaft. 
The  key  factors  in  this  mechanism  are  reliability  and  mini- 
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Fi'gura  5.16  Flight  control  system  block  diagram 


mum  weight. 

The  gimbal  motor  chosen  is  a DC,  permanent  magnet,  high 
speed  motor  with  a reducing  gearhead  attached.  The  high 
speed  motor  with  gearhead  has  a low  starging  threshold,  good 
position  accuracy,  and  moderate  starting  torque.  Figure  5.18 
is  a representation  pf  the  gimbal  position  loop  including 
the  servo  amplifier.  The  transfer  function  for  the  mechani- 
cal portion  of  this  loop  was  developed  as:22 


T‘S'+2  C TS+ 


- angular  displacement 
= efficiency  of  the  ballscrew 
* subscript  denoting  gimbal 
= moment  of  inertia 

= damping  coefficient  due  to  kinetic  friction 
= step  down  ratio  of  gearhead 


T7~ Beemer,  Jack  D,,  et  al.,  POBAL-S  R & D Design  Evalua 
tion  Report,  Part  II,  Report  No.  0t>73b0<S,  Raven  Industries 
Inc.  Air  Force  Cambridge  Research  Laboratories,  Contract 
No.  F-19628-73-C-0076.  6 July  1973. 


Kl  ■ length  of  lever  arm 
Ks  ■ twist  of  shaft 
S = the  Laplacian  operator 

I ■ lead  of  the  ballscrew  (linear  motion  per  revolution) 
m - subscript  denoting  motor 
The  total  starting  moment  of  inertia  of  the  gimbal  is: 

JG  “ JI  + JP 

where  Jj  is  the  moment  of  inertia  required  to  overcome  the 
inertia  of  the  gimbaled  mass  and  J is  the  moment  of  inertia 
required  to  balance  the  gyroscopicptorque  forces  caused  by 
the  gimbaling  of  the  spinning  propeller.  Friction  is  as- 
sumed to  be  negligible  at  this  point.  The  Jj  term  is  esti- 
mated to  be  167  Nms2  (123  ft/lb/s2),  and  J is  calculated  to 
be  9347  Nms2  (6895  ft-lb-s2)  which  yields*a  value  of  S514 
Nms2  (7018  ft-lb-s2)  for  JG. 
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Figure  5.18  Gimbal  position  loop. 
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The  Kb  factor  represents  a torsional  displacement  in  the 
gearhead  shaft  and  was  computed  to  be  3.90  x 10~4  Nm/rad  (251 
ft- lb/deg) . The  Kn  parameter  is  a gimbal  damping  constant 
which  is  very  difficult  to  predict.  It  is  primarily  dynamic 
friction  of  the  gimbal  bearings  and  will  be  highly  dependent 
on  lubricant  and  temperature.  By  estimating  the  required  gim- 
bal torque , T,  to  be  2 Nm  (1.5  ft-lb)  at  an  angular  velocity, 
b),  of  0.0524  rad/s  (3.0  deg/s)  KD  is: 

Kd  - - 38.2  Nms  (28.2  ft-lb-s) 

to 

The  ballscrew  selected  is  Saginaw  Steering  Gear  type 
0500-0125-SGT.  It  has  a lead  of  3.10  mm/rev  (0.124  in/rev) , a 
1.3  cm  (0.5  in)  diameter  shaft,  and  must  be  at  least  28  cm 
(11.0  in)  long.  At  that  length  the  ballscrew  can  withstand 
4450  N (1000  lb)  compression  load  and  travel  at  25.4  cm/s  (10 
in/s).  The  gimbal  lever  arm  required  is  17.8  cm  (7.01  in) 
long,  which  means  the  travel  rate  would  be  approximately  0.93 
cm/s  (0.37  in/s)  to  achieve  0.0524  rad/s  (3.0  deg/s) . This 
is  well  within  the  rated  capabilities  of  the  ballscrew.  The 
SGT  series  is  a standard  ground  thread  model  which  has  a back- 
lash assumed  to  be  tolerable.  If  deadzone  is  a problem  in 
the  final  design,  there  are  other  ballBcrew  models  available 
with  preloading  to  further  reduce  backlash. 

The  motor-gearhead  combination  selected  is  a Globe  Motors 
Part  No.  54539-10  which  has  the  following  characteristics: 

Input  Voltage:  24  VDC 

No  Load  Motor  Speed:  942  rad/s  (8,996  rpm) 

Armature  Inertia:  3.7  x 10”7  Nms2  (2.7xl0"7ft  lb  52) 

Input  Current:  0.45  A 

Output  Shaft  Size:  0.794  cm  (0.313  in)  dia.  x 1.27  cm 

(0.50  in)  long 

Size:  3.175  cm  (1.24  in)  dia.  x 7.34  cm  (2.89  in)  long 

Breakaway  Voltage:  3.6  VDC 

Mass : 0 . 2 kg 

Torque  Ratio : 17 
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Speed  Ratios  27.94 

Efficiency:  40% 

Motor  Torque:  0.00706  Nm  (1  oz-in) 

The  motor  speed  at  rated  load  is  approximately  640  rad/s 
(6400  rpm) . The  actual  gimbal  rate  produced  with  this  design 
is  0.0681  rad/s  (3.9  deg/s)  which  is  greater  than  the  minimum 
requirement  0.0524  rad/s  (3.0  deg/s).  The  motor  transfer 
function  was  calculated  to  be : 2 2 


The  most  common  feedback  transducer  used  in  servo  loops 
is  a potentiometer.  These  are  normally  high  quality  linear 
•devices  which  are  available  from  many  manufacturers.  The 
step-up  gears  are  used  to  drive  the  position  feedback  poten- 
tiometer in  order  to  economically  get  maximum  resolution. 
Typically,  single  turn  units  have  4.71  rad  (270  deg)  of  rota- 
tion, and  the  gimbal  swing  is  0.7B5  rad  (45  deg)  or  a total 
of  1.57  rad  (90  deg).  Therefore,  a step-uj:  of  1:3  may  be  used. 
Referring  to  Figure  5.16  the  feedback  transducer  output  is  to 
represent  0.785  rad  (45  deg)  of  gimbal  movement.  The  maximum 
output  is  ± 15  VDC.  The  analog  of  gimbal  linear  displacement, 
6q,  is: 


where  0G  is  the  gimbal  angular  displacement. 

The  servo  amp  gain  must  be  sufficient  to  drive  the  motor 
when  the  maximum  permissible  gimbal  error  occurs.  Since  the 
maximum  permissible  position  deadzone  (A0_)  is  assumed  to  be 
0.008  rad  (0.46  deg),  and  the  breakaway  voltage  of  the  motor 
iB  3.6  V,  the  approximate  gain  of  the  servo  amplified  (Ka) 
must  be: 


« 23.6 


This  gain  is  within  the  current  "state-of-the-art"  for  exist- 
ing servo  amplifiers. 
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The  open  loop  transfer  function  for  this  preliminary  de- 
sign can  be  summarized  as:22 


(S)  - 

Vm  L ( 3) V 

r 1 ~) 

r 1 

e(S) 

Kg  (2.^)KL 
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where:  Ka 

Km 

Ks 

L 
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Kl 
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23.6 

rad/s  71420  deg/s) 

V V 

3.90  x 10**  Nm/rad  (502  ft-lb/deg) 

5.05  x 10“4  m/rad  (2.89  x 10“5  ft/deg) 

15  V 

27.94 

Q.178  m (0.584  ft) 

9514  Nms2  (7018  ft-lb-s2) 


n = 0.9 


Kd  - 38.2  Nms  (28.2  ft-lb-s) 

Several  factors  must  be  considered  in  the  final  design 
of  the  inner  control  loops  in  addition  to  any  stability  en- 
hancement features: 


1.  A means  must  be  provided  to  limit  electrical  power 

to  the  gimbal  motor  before  the  gimbal  assembly  reach- 
es its  mechanical  limit. 

2.  Mechanical  couplings  must  be  designed  to  minimize 
deadzone  and  tests  must  be  performed  to  determine 
the  minimum  gimbal  displacement  necessary  to  start 
the  motor. 

3.  Circuits  must  be  designed  such  that  ground  loops , 
oscillations,  and  hot  spots  are  precluded. 


97 


5.3.2  Autopilot  6 Sensors 

The  autopilot  contains  the  circuitry  that  provides  the 
gains,  filtering  and  dampening  necessary  to  insure  stable 
flight.  The  autopilot  for  this  vehicle  consists  of  a pitch 
and  yaw  channel,  both  completely  independent  of  each  other. 

A block  diagram  of  the  autopilot  is  shown  in  Figure  5.19. 
The  time  constants  and  gains  are  determined  by  a stability 
analysis  of  the  complete  control  system  (see  Section  5.3.3). 

The  block  diagram  indicates  that  both  pitch  and  yaw  channels 
have  similar  computations.  A sensor  detects  actual  airship 
attitude  which  is  subtracted  from  a desired  attitude  to  form 
an  error  signal,  At p.  The  error  signal  is  used  as  a direct  in- 
put and  as  a derived  rate  signal  by  passing  it  through  a high 
pass  filter.  The  derived  rate  signal,  ip,  becomes  a rate  damp- 
ing factor  when  it  is  subtracted  from  the  attitude  error  sig- 
nal. The  resultant  is  a gimbal  command  signal  proportional 
to  the  attitude  error  and  damped  in  proportion  to  the  rate  of 
change  of  the  attitude  error.  A limiter  is  added  to  prevent 
the  gimbal  mechanism  from  trying  to  move  beyond  its  mechanical, 
or  electrical  limits,  and  beyond  the  safety  limits  of  the  air- 
ship. 
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During  developmental  testing  the  autopilot  should  have 
gain  changing  circuitry  incorporated  for  varying  autopilot 
parameters  in-flight.  It  is  anticipated  that  all  forward  cir- 
cuit gains,  feedback  gains,  and  lead/lag  constants  should  be 
adjustable  in  3 increments.  Also,  as  shown  in  Figure  5.19, 
the  airship  may  be  flown  manually  by  using  radio  command  to 
apply  the  proper  voltage  directly  to  the  gimbal  motor.  This 
manual  control  is  intended  only  as  a back-up  function  in  case 
of  autopilot  malfunction.  Mechanical  relays  are  shown  in  the 
diagram  for  simplicity,  but  solid  state  devices  would  most 
likely  be  used. 

The  autopilot  unit  may  be  mounted  anywhere  in  the  gondola 
but  the  pitch  sensor  and  heading  sensor  should  be  located  with 
some  discretion.  The  pitch  sencor  should  be  mounted  directly 
under,  and  as  close  as  possible  to,  the  longitudinal  axis  of 
the  airship.  This  would  minimise  pitch  errors  due  to  possible 
rolling  motions  of  the  airship.  Likewise,  the  magnetometer 
(heading  reference)  should  be  located  directly  under  the  longi- 
tudinal axis  and  as  high  as  practical  in  the  gondola  to  mini- 
mize roll  effects.  Some  testing  will  be  required  to  determine 
the  effects  of  the  gondola  structure  on  the  magnetometer  ac- 
curacy . 
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5. 3. 2.1  Pitch  Control.  The  pitch  control  serves  to  keep 
the  airship  flying  level  as  altitude  is  determined  by  the 
balloon  buoyancy.  If  desired,  the  airship  can  be  flown  with 
a fixed  pitch  angle  by  applying  a DC  voltage  offset  to  the 
pitch  error  input.  The  pitch  sensor  is  chosen  to  be  a gravi- 
ty sensing  electrolytic  transducer  such  as  the  type  EP.l.O-750 
by  Hamlin,  Inc.  It  has  a range  of  ±0.21  rad  (12  deg)  and  an 
analog  of  20.1  VA<3/tad  (0.340  VAC/deg)  for  small  angles,  when 
excited  with  12.5  VRMS  at  400  Hz.  The  response  time  constant 
of  this  device  is  approximately  0.8  seconds;  therefore,  the 
transfer  function  of  the  pitch  sensor  is: 

VAC  20.1  VRMS 

— ~ 1 + 0 75s  "rad_ 

The  output  must  be  rectified  and  filtered  to  interface  with 
the  autopilot.  A 12  ms  low-pass  filter  will  limit  the  peak- 
to-peak  ripple  to  leas  than  10%  of  the  peak  AC  voltage.  The 
average  of  DC  output  voltage  would  be  0.95  times  the  peak  AC 
voltage  or  1.34  times  the  RMS  input  voltage.  This  assumes 
an  infinite  load  on  the  filter,  which  is  not  practical.  How- 
ever, amplifiers  are  available  with  very  high  input  impedances 
therefore,  a loss  factor  of  0.9  is  assumed.  The  low  pass 
transfer  function  then  becomes: 

VDC  _ 1.21 

VAC  " 1 + 0.012S 


5. 3. 2. 2 Yaw  Control.  The  yaw  control  loop  is  similar  to  the 
pitch  except  for  the  sensor  and  the  heading  command  inputs. 

The  heading  sensor  is  assumed  to  be  a magnetometer  such  as 
Schonstedt  Instrument  Company's  UAM-53C-1.  It  has  an  output 
analog  of  0.0210  Vm/A  (1.67  V/oersted)  and  weighs  2.9  N (0.66 
lb) . Its  operating  temperature  range  is  +4.4  to  +60 °C;  and 
it  may  require  a heater  and  thermostat  unless  it  can  be  loca- 
ted near  $ heat  source.  Since  field  intensity  and  flux  den- 
sity are  equal  in  a nonmagnetic  medium,  the  output  analog  of 
the  magnetometer  is  1.67  x 104  V/T  (1.67  V/gauss).  The  earths 
magnetic  flux  density  decreases  as  the  inverse  cube  of  the 
distance  from  the  center  of  the  earth.  The  earth  radius  is 
6378  km  (3963  mi)  so  an  additional  21  km  (13  mi)  would  cause 
a reduction  in  flux  density  of  approximately  one  per  cent. 

The  magnetometer  is  sensitive  to  the  horizontal  compon- 
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ent  of  magnetic  flux  which  varies  from  5 x 10“6  to  4 x 10"*T 
(0.05  to  0.4  gauss)  over  the  surface  of  the  earth.23  This 
indicates  that  the  gain  of  the  heading  sensor  signal  will  have 
to  be  selectable  over  a range  of  from  one  to  eight  in  order 
to  fly  anywhere  in  the  world.  A hypothetical  example:  the 
horizontal  component  of  flux  density  at  Sioux  Falls,  South 
Dakota  is  about  2 x 10~5  T (0.2  gauss) . The  output  voltage 
would  range  from  zero  to  a maximum  of  0.334  V.  If  the  mag- 
netometer is  mounted  with  the  X-axis  aligned  with  the  longi- 
tudinal axis  of  the  balloon,  the  voltage  would  be: 

Vy  - 0.334  sin  ty 

where  \p  is  the  magnetic  heading.  The  frequency  response  is 
130  Hz  at  0.5  gauss.  The  transfer  function  of  the  magneto- 
meter is : 

Vy  0 . 334ij) 

Up  = (s2  + FT"  (1  + o'.  o'oi22  s') 

Since  a sinusoid  gives  a decreasing  voltage  as  ij>  increases 
beyond  1.57  rad  (90  degrees) , the  magnetometer  output  must 
be  linearized  by  a heading  signal  generator  circuit  which  is 
shown  following  the  magnetometer  (Figure  5.19).  In  the  final 
design,  the  heading  signal  generator  circuit  would  combine 
the  signals  from  all  three  axes  into  a linearized  signal. 

The  transfer  function  of  this  source  would  likely  be  more 
complicated  than  the  one  above,  but  would  be  similar  in  form. 
This  function  would  be  combined  with  the  remaining  loop  func- 
tions and  used  in  the  final  stability  analysis. 

5.3.3  System  Stability 

If  the  airship  is  to  perform  properly  in  flight  it  must 
follow  a stable  flight  path.  This  requires  that  the  autopi- 
lot function  so  as  to  command  the  gimbal  mechanism  in  a prop- 
er fashion.  Because  of  the  interface  and  mechanical  compon- 
ents involved  it  is  not  only  essential  to  check  out  the  air- 
ship stability  on  the  assumption  that  the  autopilot  is  react- 
ing as  anticipated;  but  it  is  also  essential  to  determine 
that  the  basic  electronics  are  stable  when  under  operation. 
Thus,  system  stability  encompasses  both  airship  performance 
and  electronics  operation. 

2 handbook  of  Geophysics  and  Space  Environments,  Shea  L. 
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5. 3. 3.1  Autopilot  Stability.  The  method  normally  used  to 
determine  if  the  electronics  circuitry  of  the  autopilot  is 
stable  is  to  analyze  the  servo  system  with  innermost  loop 
and  progress  to  the  outer  loop  after  the  inner  loops  have 
been  stabilized.  The  inner  and  outer  loops  are  shown  for  the 
yaw  channel  in  Figure  5.20.  The  innermost  loop  is  actually  a 
gimbal  position  loop  and  will  be  analyzed  first. 


MA0IN0 
COMMMO-^C 
FMM  MV  > 


Figure  5.20  Heading  control,  yaw  channel. 


5. 3. 3. 1.1  Gimbal  Position  Loop.  This  feedback  loop  is  neces- 
sary to  permit  the  gimbal  motor  to  accurately  hold  the  gim- 
baled  mass  in  the  desired  position  and  to  move  it  in  a stable 
manner . 

Inserting  values  of  the  preliminary  design  into  the 
transfer  function  shown  in  Section  5.3.1  one  obtains: 


(23.6)  (24.8)  (1.02  x 10“4  (6.38)  (3) 


MCM'I.I.MttJ 


This  loop  is  shown  in  Figure  5.21.  The  stability  of  the  loop 
can  be  determined  by  applying  the  frequency  analysis  method 
to  the  open  loop  transfer  function. 

The  above  transfer  function  was  analyzed  by  the  computer 
program  STABAN  which  is  listed  in  Appendix  C.  A Bode  plot  of 
computer  solution  is  shown  in  Figure  5.22.  As  shown,  the  in- 
ner loop  is  stable  with  a gain  margin  of  about  106  db  and  a 
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Figure  5.22  Bode  plot,  gimbal  position  loop 
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The  inner  loop  can  be  reduced  to  a single  path  by  using 
the  relationship: 

G 

F = 1 + GH 

In  this  case,  G is  the  motor  and  gimbal  mechanism,  while  II  is 
the  feedback  potentiometer  and  associated  gears.  (See  Figure 
5.16).  The  forward  loop  transfer  then  becomes: 

F = 0.0524 

(tfs2  + 2C1t1S+l)  (t£s7  + 2c2t2  S + 1) 

where:  = 0.625 

?!  = 0.703 
T 2 - 5.8  8 x 10"4 
?2  ■ 0.00237 

The  gimbal  motor  position  loop  may  be  represented  by  a 
single  block  containing  this  transfer  function.  This  block 
may  be  used  in  further  analysis  of  both  the  pitch  and  yaw 
channels . 

5. 3. 3. 1.2  Pitch  & Vaw  Control  Loops.  Combining  the  inner 
loop  transfer  function  from  the  previous  section  and  sensor 
details  from  Section  5.3.2.,  gives  the  diagrams  shown  in 
Figure  5.23.  The  undefined  gains  and  time  constants  should 
be  calculated  when  the  airship  transfer  function  is  knowp. 

The  theoretical  derivation  of  the  airship  transfer  function, 
must  be  performed  to  fully  complete  this  analysis  but  is  im- 
practical without  some  empirical  data  from  a scale  model. 

The  necessary  values  can  then  be  calculated  and  the  stability 
tested  with  the  STABAN  program.  If  the  computer  program  in- 
dicated marginal  stability,  lead  and/or  lag  filters  should 
be  added  along  with  gain  adjustments,  and  stability  retested. 
This  process  should  be  repeated  until  the  phase  margin  and 
gain  margin  are  acceptable. 

The  yaw  loop  is  the  same  as  pitch  except  for  the  heading 
command  signal  input.  The  time  constants  required  will  un- 
doubtedly be  different  than  pitch  due  to  differences  in  re- 
sponse to  the  airship.  Only  the  y-axis  transfer  function  is 
shown  for  the  magnetometer  but  the  x and  z axes  have  similar 
functions.  All  three  signals  will  be  utilized  by  the  heading 
signal  generator  to  convert  Vy  into  a linear  signal. 
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5.3. 3.2  Airship  Plight  Stability.  The  aerodynamic  charac- 
teristics of  the  airship  with  respect  to  stability  in  flight, 
are  an  important  consideration  since  airships  are  naturally 
unstable.  The  gimbaling  of  the  thrust  vector  is  used  to  hold 
the  airship  on  course  and  create  "stable  flight"  character- 
istics. The  autopilot  governs  the  motions  of  the  gimbal 
mechanism  by  a predefined  gimbal  position  based  upon  heading 
and  pitch  error  and  error  rate  feedback  signals.  The  most 
meaningful  way  to  check  the  airship  flight  stability  is  to 
model  the  system  with  a computer  and  study  its  synthesized 
reactions  to  various  hypothetical  situations.  Such  a tech- 
nique empolying  a digital  computer  was  used  successfully  for 
High  Platform  II.10  The  discussion  here  will  be  limited  to 
the  basic  equations  which  were  used  and  the  results  obtained. 

The  geometry  used  in  the  equation  is  shown  in  Figure 
5.24.  The  basic  equations  which  are  used  are  of  the  form: 

Sum  of  Forces  = (mass) (acceleration) 


EFy  = "V  ay 

EFZ  = mz  az 

Sum  of  Moment  = (moment  of  inertia) (angular  acceleration) 

2Myy=  *yy  ® 

• • 

mzz~  IZZ  'P 

Sum  of  forces  in  x direction  equal  mass  times  accelera- 
tion in  x direction: 

T cos (x-3) cos (x+a)  -Da  -DH  -Dv  -(W-b)siny  = Mxv 

Svun  of  forces  in  y direction  equals  mass  time  accelera- 
tion in  y direction: 

- S_  -Ly  + T cos6  sin(t-B)  = mu  (i) 

» v y 

Sum  of  forces  in  z direction  equal  mass  time  accelera- 
tion in  z direction: 

- La  - LH  - T cost  sin(5+ot)  + (W-B)  cosy  = -m2v  f 
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CURVtUNSAR  FLISHT  IN  VERTICAL , XZ.  PLANE 


T = Thrust 

W = Weight  Of  Airship 
B = Buoyance  Of  Gas 
C.B.  = Center  Of  Buoyance 
C.M.  s Center  Of  Mass 
Q.C.  ■ Quarter  Chord 
D = Dr  a g 
L = Lift 
S = Side  Force 
M = Moment  About  Y Axis 
N = Moment  About  Z Axis 
v - Velocity 
^ = Length 
a = Hull  (Airship) 

H s Horizontal  Fin 
V s Vertical  Fin 
t = Tail 
G = Gimbol 


Figure.  5.24  Geometry  and  nomenclature  used  for  airship 
flight  stability  analysis. 


Sum  of  moments  about  y axis  equal  moment  of  inertia 
times  angular  acceleration  about  the  y axis: 

Ma+  - Lah  sina  + Dflh  cosa  - LH  (£fccosa  + h sina) 

t Djfj  (h  cosa  - Ltsina)  - T cosT(h  cos£  + sin<5) 

* ••  \ 1 ' 

- B h sin0  ». IyyO 

Sum  of  moments  about  z axis  equal  moment  of  inertia 
times  angular  acceleration  about  the  z axis: 

i.  1 . ‘ ' x\  ■ *V  ■ ' 

-Na  (Lvcos6  + DvsinB)  - cosfisinx  -■  * zz $ 

These  equations  are  used  in  conjunction  with  the  basic 
autopilot/gimbal  performance  defined  with  the  following 
equation: 

1 1 * 

i * GpE  (0“A)  + Gpj^  0 

and 

• ' • ' - ' ; ' ' . 

T — Gyg  ( ^ — B ) + Gyj^  $ 

where  G is  the  autopilot  amplifier  gain,  (P  denotes  pitch)  'Y  , 
denotes  yaw,  E denotes  angular  error,  and.  R denotes  angular* 
rate)  , A is  the  pitch  correction,  and  B is  the  heading  cor-*' 
rection  factor ;'•••,  When  these  equations  demand  that  the  gimbal 
respond  outside  of  rej&iistic  capabilities ",  it  is  limited  to  '• 
its  actual  rate  and  limit  stop  capabilities.  Also,  each  of 
the  major  terms  in  the  aerodynamic  equation  needs  to  be  ex-, 
panded  upon  in  terms  of . aerodynamic  derivations , ahd  coeffi- 
cients dependent  upon  angular  displacements  or  velocities. 

The  result  is  that  the  equations  if}  their„more  complex  form 
allow  for  the  solving  of  v,  4> , y,  0,  and  if  all  other  an- 
gles, their  time  derivatives,  and  the  velocity  have  known 
values . 

To  start  the  simulation'  calculation,  initial  conditions 
are  assumed  for  these  other  angles,  time  derivatives,  and 
velocity.  The  autopilot/gimbal  system  will  react  to  this 
initial  condition  by  its  electromechanical  response  which 
can  be  calculated.  By  using  short  time  intervals  if. is  valid 
to  assume  that  all  accelerations  are  constant  over  each  time 
interval.  New  values  of  each  of  the  .initial  conditions  can 
be  recalculated  using  equations  in  the  forms: 
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0i  * 0o  + 0o+0i (A) 
2 

or 

• • " •' 

0i  ■ 0o  + 0Q+01  (A) 


where  A denotes  the  time  increment. 

The  procedure  is  repeated  in  an  iterative  manner  to  cal- 
culate values  of  0,  a,  6,  ip,  6,  t,  and  v at  discrete  time  in- 
tervals. The  computer  output  then  shows  how  the  system  is 
predicted  to  respond  to  a specific  situation  defined  by  the 
initial  conditions.  Examples  of  the  system  response  are  shown 
in  Figure  5.25.  The  computer  program,  POSIM,  and  examples  of 
its  output  are  listed  in  Appendix  D. 

5.3.4  Heading  Control  System 

For  station  keeping  demonstration  purposes  it  has  been 
determined  that  a fairly  crude  navigation  technique  used  in 
conjunction  with  a heading  control  capability  would  be  suffi- 
cient. Also,  for  the  purposes  of  this  effort,  station  keep- 
ing has  been  defined  as  remaining  within  200  nautical  miles 
of  the  ground  command  center.  To  accomplish  this  it  is  rec- 
ommended that  course  heading  changes  be  made  from  the  ground 
station  based  upon  flight  vectors  determined  by  radar  posi- 
tioning. These  heading  changes  would  be  made  by  the  heading 
control  unit  diagrammed  in  Figure  5.26. 

The  autopilot  is  designed  to  operate  by  actuating  the 
gimbal  to  cause  the  airship  to  hold  the  heading  programmed  as 
a reference.  The  same  magnetometer  which  is  used  for  yaw 
stability  control  is  also  U3ed  for  heading  control.  The  ref- 
erence heading  is  derived  from  a tapped  potentiometer  driven 
by  a reversible  stepping  motor.  The  station  operator  can 
steer  the  airship  by  sending  only  "turn  left"  or  "turn  right" 
commands  to  the  stepping  motor.  The  program  heading  can  then 
be  changed  in  increments  of  less  than  one  degree  and  verified 
by  telemetry. 

The  heading  command  output  is  a linear  voltage  whose 
magnitude  represents  the  deviation  from  north  and  whose  polar- 
ity indicates  the  direction  of  deviation.  The  motor  and 
driver  provide  .031  rad  (1.8  deg)  increments.  A gear  type 
speed  reducer  would  reduce  the  step  size  to  .016  rad  (0.9 
deg) . The  power  converter  output  is  approximately  1 W and 
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ANGLE  (DEGREES)  ANGLE  (DEGREES) 


the  efficiency  of  this  type  supply  is  typically  about  65%. 
Input  power  requirements  are  approximately  15  W peak.  Assum- 
ing the  heading  would  seldom  be  changed,  the  average  power  is 
estimated  to  be  1.5  W.  Weight  of  this  unit  is  estimated  to 
be  5 N (1.1  lb). 


COMMAND 

^-(•jWOCT) 

Figure  5.26  Heading  control  block  diagram. 


As  seen  from  the  above  description,  the  heading  control 
is  simple  and  somewhat  crude  by  spacecraft  standards.  As  the 
winds  may  exceed  twice  the  airspeed  capability  of  the  airship, 
and  the  area  of  station  keeping  made  much  smaller,  it  may  be 
desirable  to  design  an  on-board,  station-keeping,  navigation 
system  at  a later  date  for  such  applications.  For  the  pres- 
ent, this  system  will  allow  evaluation  of  airship  performance 
and  variations  in  the  wind  field  at  this  altitude. 

5.3.5  Command  and  Telemetry  System 

The  command  system  for  the  early  stages  of  this  project 
shall  consist  of  a VHF,  Narrow  Band,  FM  radio  link.  The 
transmitter  is  located  at  the  ground  control  station  and  the 
receiver  is  aboard  the  airship.  A block  diagram  of  the  radio 
command  unit  is  shown  in  Figure  5.27.  This  unit  is  composed 
of  building  blocks  found  within  the  Raven  TRAC  system.  The 
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command  system  described  herein  has  been  in  use  by  Raven  In- 
dustries for  balloon-borne  applications  since  1968  with  an 
excellent  history  and  proven  operation  to  the  radio  horizon 
as  found  in  balloon  applications. 
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Figure  5.27  Radio  command  system  block  diagram. 


The  commands  required  are  presented  in  Figure  5.27.  To 
provide  maximum  reliability,  the  termination  commands  have  a 
"private  line"  (tone  squelch)  independent  from  the  airship 
command  squelch.  This  command  system  contains  a binary  de- 
coder which  allows  the  transmission  of  up  to  32  commands  by 
utilizing  only  5 command  tones  from  the  ground  station.  To 
verify  command  reception,  a command  verification  signal  is 
available  to  modulate  the  telemetry  transmitter.  This  gives 
the  ground  station  operator  an  audio  tone  upon  command  exe- 
cution. 

The  switch  closures  provided  by  the  format  matrix  boards 
must  be  heavy  duty  contacts  (2-3  A)  to  permit  control  with  a 
minimum  of  complexity.  The  estimated  power  consumption  is  1 
W.  The  approximate  physical  dimensions  of  this  unit  are  18 
x 24  x 15  cm  (7.1  x 9.4  x 5.9  in)  and  the  weight  is  estimated 
to  be  23  N (5.2  lb) . 

During  the  first  flights  many  parameters  must  be  tele- 
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metered  for  real  time  evaluation.  This  will  allow  the  ground 
crew  to  evaluate  performance  and  make  appropriate  adjustments 
Analog  chart  recordings  are  ideally  suited  for  this  applica- 
tion. The  analog  recordings#  as  opposed  to  digital#  give  a 
history  of  operation  at  a glance.  This  is  ideal  where  sig- 
nals are  continuously  changing  and  real  time  evaluation  is 
required. 

An  FM-FM  telemetry  system  operating  in  the  L or  S band 
is  proposed.  The  components  that  make  up  a system  such  as 
this  are  off-the-shelf  items.  The  system  can  easily  be  tail- 
ored to  suit  system  needs  and  meet  IRIG  (inter-range  instru- 
mentation group)  requirements . 

The  airborne  electronics  will  consist  of  appropriate 
commutators  feeding  IRIG  + 7-1/2%  proportional  subcarrier  os- 
cillators. The  standard  TRIG  format  will  allow  up  to  11 
channels  of  data.  (Due  to  possible  ranging  data  interference 
and  the  limited  data  bandwidth#  channels  1-10  have  not  been 
considered.)  These  subcarriers  than  modulate  an  L or  S band 
transmitter  as  required.  The  advantage  of  L or  S band  telem- 
etry over  lower  bands  is  the  ability  to  utilize  subcarrier 
channels  20  and  21.  Figure  5.28  is  a block  diagram  showing 
the  on-board  telemetry  system.  The  telemetry  unit  will  re- 
quire approximately  35  W of  power  including  the  transmitter. 
The  estimated  weight  is  ION  (2.2  lb)  including  signal  condi- 
tioning requirements  and  case.  A space  allowance  of  15  x 15 
x 15  cm  (5.9  x 5.9  x 5.9  in)  should  be  made  available  for 
the  telemetry  unit. 

5.4  Power  Supply  System 

POBAL-S  requires  electrical  power  to  operate  the  power 
train,  gimbal  mechanism,  autopilot,  on-board  telemetry/com- 
mand system,  housekeeping  functions,  payload,  and  internal 
electrical  functions.  The  power  supply  system  to  accomplish 
this  consists  of  the  fuel  cell,  the  interfacing  control  unit, 
and  an  emergency  power  supply  to  operate  the  telemetry/com- 
mand system. 

5.4.1  Fuel  Cell  System 

Design  of  the  hydrogen-oxygen  fuel  cell  system  was  furn- 
ished by  Pratt  & Whitney  in  conjunction  with  a concurrent  con 
tract.  An  output  voltage  of  30  V was  selected  early  in  the 
program  to  expedite  the  fuel  cell  design.  The  voltage  choice 
was  based  on  three  factors:  1)  a similar  system  designed  at 

30  V had  previously  been  developed  by  Pratt  & Whitney,  2) 
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Figure  £ .28  Telemetry  system  block  diagram* 
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voltages  needed  to  be  limited  to  prevent  any  arcing  problems 
during  operation  at  21  km  (70,000  ft),  and  3)  by  using  com- 
ponents from  existing  fuel  cell  designs  the  airship  size  was 
minimized  at  a fuel  cell  voltage  of  approximately  30  V. 

The  fuel  cell  is  to  furnish  2.52  kW  net  terminal  power 
for  7 days  continuously.  The  characteristic  curves  are  shown 
in  Figure  5.29.  The  heat  rejection  rate  of  the  fuel  cell  is 
1170  W which  is  accomplished  with  a radiator/coolant  unit 
operating  at  93°C.  The  fuel  cell  can  be  started  from  its 
own  residual  power  in  approximately  14  minutes  and  can  with- 
stand a 100%  overload  for  a short  time  without  permanent 
damage . 

Basically,  the  fuel  cell  system  components  include  the 
fuel  cell  (consisting  of  the  cell  stack,  valves,  coolant, 
pumps,  condenser,  heaters,  piping,  etc.),  the  liquid  H,  and 
O2  in  their  respective  storage  tanks,  the  radiator,  and  the 
H2O  storage  bag.  Section  5.1.3  discusses  how  these  compon- 
ents are  contained  within  the  gondola.  The  weight  breakdown 
is  as  follows: 

636.1  N 

467.0 
244.6 

218.0 
1405.6 

22.2 
97.9 
66.7 


Total  3158.1  N (710  lb) 

5.4.2  Power  Distribution  and  Control  System 

Power  from  the  fuel  cell  is  allocated  as  follows: 

Payload  500  W 

Autopilot,  telemetry,  gimbal,  etc.  220  W 

Motor  1800  W 

Total  2520  w 


Fuel  cell 
^2  tank  (empty 
O2  tank  (empty) 

02 

H20  storage  bag 
Radiator 

Piping  and  wiring 


* 


115 


TERMINAL  VOLTAGE (VOLTS  DC) 
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esign  Power (2.52  kW) 


Minimum  Voltage 


Total 

Oxygen 


esign  Power (2. 5 2 kW) 


Hydrogen 


1 2 3 4 5 

NET  POWER  (kW) 

Figure  5.29  Fuel  cell  characteristics. 
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The  control  system  provides  the  interface  between  the 
heavy  duty  power  circuitry  and  sensitive  electronic  circuitry 
to  provide  proper  power  allocation.  Referring  to  Figure  5.30 
the  power  Control  and  switching  is  located  within  the  control 
system.  All  control  functions  are  depicted  as  switches  for 
charity;  however , solid  state  devices  are  desirable  and 
should  be  incorporated  in  most  areas. 


Figure  5.30  Power  distribution  and  control  system 

block  diagram. 

The  payload  power  was  specified  to  be  500  W and  furnish- 
ed by  the  fuel  cell.  A TTL-compatible  logic  signal  is  furn- 
ished to  the  payload  which  is  assumed  to  contain  a switching 
device  capable  of  controlling  its  16.7  A current. 

The  voltage  sensor  and  back-up  power  control  shown  per- 
forms an  automatic  switching  function.  This  circuit  connects 
the  largest  of  the  two  voltages  to  the  telemetry,  command,  and 
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navigation  systems.  Therefore,  if  the  fuel  cell  voltage 
should  drop  below  the  battery  voltage,  indicating  fuel  cell 
failure,  the  back-up  battery  will  automatically  supply  the 
required  current.  The  voltage  output  of  the  fuel  cell  and 
current  drain  of  the  back-up  battery  are  continuously  moni- 
tored and  coupled  to  the  telemetry  to  alert  the  ground  sta- 
tion operator  should  the  back-up  battery  come  "on-line" 

By  using  small  regulators  at  each  load,  instead  of  one  large 
regulator,  improved  filtering  of  switching  transients  and 
noise  is  achieved.  By  using  sealed  relays  and  solid  state 
devices  the  control  unit  need  not  be  pressurized.  The  vol- 
ume of  the  control  unit  is  11  x 11  x 11  cm  (4. 3x4. 3x4. 3 
in).  The  estimated  total  weight  is  26  N (5.7  lb). 

5.4.3  Emergency  Power  Supply 

A back-up  battery  as  shown  in  Figure  5 . 30  provides  back- 
up power  for  the  command,  telemetry,  heading  control,  and 
termination  devices.  This  power  supply  is  to  provide  mini- 
mum tracking,  control,  and  telemetry  eor  a 24  hour  period  in 
case  of  a propulsion  system  malfunction  or  a fuel  cell  fail- 
ure. Should  a failure  occur,  this  can  be  extended  to  48 
hours  by  commanding  the  telemetry  transmitter  on  and  off  as 
required.  The  average  current  to  operate  the  telemetry  unit, 
command  unit,  and  attitude  sensors  is  estimated  to  be  1.55  A. 

The  battery  must  also  furnish  power  to  fire  the  squibs 
at  flight  termination,  energize  relays,  energize  transducers, 
etc.  These  short  pulses  will  not  occur  at  any  predictable 
frequency,  nor  at  any  particular  time  during  the  flight. 

In  an  attempt  to  insure  that  the  required  peak  power  is  a- 
vailable  for  these  intermittent  loads,  an  additional  1 A of 
current  was  added  to  the  battery  requirement. 

For  high  reliability  it  was  decided  to  use  a primary 
type  battery.  Acceptable  solutions  for  the  primary  battery 
requirements  were  received  from  only  two  sources.  The  pert- 
inent details  are: 

Vendor  Yardney  Chromalloy 

Type  Silver-Zinc  Lithium-Organic 

Size  29.2  x 19.7  x 17.8  cm  34.8  x 31.8  x 30.2  cm 

Weight  222  N 167  N 

Heater  power  12.4  W 9 W 

Shelf  Line  1 month  1 year 

Silver-zinc  batteries  are  proven  and  offer  the  best  re- 
liability. Lithium-organic  production  experience  is  not  well 
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established  at  this  time,  but  it  is  expected  to  improve  in 
the  future.  The  final  battery  choice  should  be  made  when  a 
complete  control  unit  design  is  accomplished. 


5.5 


Launch  and  Recovery 


The  POBAL-S  vehicle  as  described  above  is  a complex  bal- 
loon system.  The  launch  and  recovery  operation  will  be  a 
difficult  task  and  eventually  must  be  considered  a major  task 
item. 


5.5.1 


Launch 


The  recommended  launch  technique  for  this  vehicle  is  a 
"tail  first"  vertical  launch  utilising  a tow  balloon  under 
which  the  airship  will  ascend  tail  first.  The  primary  rea- 
sons for  this  type  of  launch  are  to  prevent  damage  to  the 
propeller  during  lift-off  and  keep  the  heaviest  weight  con- 
centration (gondola)  near  the  bottom  of  the  balloon  to  pre- 
vent surging  of  helium  during  ascent.  A subtask  of  some  fu- 
ture effort  should  be  to  demonstrate  the  launch  concept  un- 
der an  experimental  te3t. 

The  launch  sequence  is  shown  in  Figure  5.31.  The  bal- 
loon should  be  laid  out  longitudinally  with  the  stern  struc- 
ture positioned  over  the  aft  end.  Approximately  4.6  m (15 
ft)  from  the  tail  end  the  balloon  should  be  clamped  off  so 
that  only  the  tail  will  inflate  to  facilitate  lacing  the 
stern  structure  to  the  balloon.  A crane  would  position  and 
lift  the  stern  structure  as  the  inflation  and  lacing  proceeds 
The  clamp  would  be  released  when  lacing  is  completed. 

The  crane  would  have  to  raise  the  structure  until  the 
tow  balloon  is  inflated  and  can  support  the  airship  tail. 

The  tow  balloon  would  have  a buoyancy  of  approximately  1,480 
N (333  lb) . As  the  crane  is  released  from  the  stern  struc- 
ture the  tow  balloon  would  hold  the  aft  end  of  the  airship 
vertical  while  inflation  of  the  airship  continues. 

At  approximately  30.5  m (100  ft)  from  the  tail  a tri- 
roller will  have  been  clamped  to  the  airship  hull.  The  tri- 
roller  is  attached  to  two  winches  that,  will  control  the  lift- 
off until  the  length  of  the  airship  is  in  the  vertical  posi- 
tion. In  this  manner,  the  gondola  can  be  lifted  slowly  from 
the  ground  to  avoid  any  snatch  forces  which  would  otherwise 
be  encountered.  When  the  entire  balloon  is  clear  of  the 
ground  and  in  the  vertical  position,  the  tri-rollcsr  clamp 
would  be  released. 
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This  launch  technique  requires  two  inflation  valves.  A 
valve  would  be  located  between  the  ct&rn  structure  and  the 
*tie  off.  The  purpose  of  thin  valve  is  to  inflate  the  aft 
cone  for  lacing  of  the  battexis  t'o  the  airship.  As  the  crane 
is  released  and  the  tow  balloon  begins  to  pick  up  the  tail  of 
the  airship , a second  valve  which  is  located  near  the  tri- 
roller,  would  be  opened.  This  valve  is  used  to  fill  the  bal- 
loon fp  its  gross  inflation.  ■ : 

The  airship  gross  inflation  would  be  22,000  N (4,950 
lb).  This  is  the  airship  gross  weight  plus  20%  free  lift. 

The  inflation  gas  is  fo  be  helium.  The  20%  free  lift  would 
be  counteracted  by  18%  or  3,290  N (740  lb)  of  ballast  which 
would  leave  2%  free  lift  in  the  system.  The  ballast  and  tow 
balloon  would  be  released  by  a pressure  sensing  switch.  The 
rate  of  ballast  release  would  be  adjusted  to  assure  that  the 
airship  eases  into  final  pressurization. 

A total  of  10%  free  lift  would  be  required  to  launch 
this  vehicle.  Since  the  airship  has  2%  free  lift  remaining 
after  accounting  for  the  ballast,  the  tow  balloon  would  re- 
quire a buoyancy  of  8%  of  the  gross  system  weight  or  1,480 
N (333  lb) . Thus,  the  two  balloon  serves  two  purposes;  it 
holds  the  stern  structure  and  tail  of  the  airship  in  the 
vertical  position  during  the  initial  states  of  inflation  and 
ascent,  and  it  provides  the  required  free  lift  for  ascent. 

A level  sensor  would  be  attached  to  the  stern  structure 
as  a safety  device  so  that  when  the  tow-line  reaches  a 70° 
lean-over  angle  (from  the  vertical) , a time  delayed  squib 
and  cannon  assembly  would  release  the  tow  balloon.  This  is 
redundant  to  the  pressure  switch.  Since  the  tow  balloon  is 
not  used  to  'ent  gas  to  the  airship,  its  buoyancy  is  retain- 
ed and  it  would  continue  to  rise  and  clear  the  propeller 
once  it  is  released.  The  airship  will  level  out  and  ease 
into  its  float  altitude  of  21  km  (70,000  ft)  as  ballast  is 
released. 

Figure  5.32  shows  the  gondola  and  load  patches  going 
through  the  complete  ascent  deployment  sequence  from  the 
vertical  to  the  horizontal  position.  In  the  initial  stages 
of  launch,  as  the  gondola  is  vertical,  the  three  launch 
patches  directly  over  the  gondola  support  the  entire  load. 

The  load  lines  from  these  patches  are  secured  on  the  plane 
of  the  center  of  gravity  of  the  gondola.  As  the  balloon  be- 
gins to  tip  to  the  .79  rad  (45  deg)  position  all  seven  of 
the  launch  patches,  two  on  either  side  and  three  directly 
above  the  gondola,  would  share  the  weight  of  the  gondola. 
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(AT  FLOAT) 


Figure  5.32  ffoa^ola/load  patch  deployment  sequence 


Then  as  the  balloon  continues  to  tip  into  its  final  horizon- 
tal flight  position  the  load  is  transferred  from  the  launch 
patches  to  the  six  load  patches,  three  on  either  side  of  the 
gondola;  and  the  launch  patch  lines  become  slack. 

5.5.2  • Recovery 

The  POBAL-S  gondola  contains  expensive  equipment . The 
items  within  the  gondola  can  be  reused  if  a method  of  recov- 
ery is  provided.  The  most  reliable  and  least  expensive  me- 
thod of  accomplishing  recovery  is  with  the  use  of  a parachute 
which  would  be  actuated  upon  release  of  the  gondola  from  the 
balloon.  The  gondola  termination  circuitry  consists  of  a 
relay,  fuse,  and  time  delay.  The  termination  would  be  ac- 
complished by  cutting  the  support  lines  with  cutters  contain- 
ing two  Dupont  S-68,  four  grain  squibs  which  are  energized 
independently.  By  energizing  the  second  squib  shortly  after 
the  first,  the  reliability  can  be  doubled.  The  recommended 
firing  current  is  0,6  A for  4 ms  for  each  squib,  if  the  se- 
cond squib  pulse  is  delayed  for  4 ms,  the  current  required 
would  be  0.6  A for  8 ms  per  line  cutter.  Occasionally  the 
terminals  of  the  squibs  will  be  shorted  together  by  the  de- 
tonation. Therefore,  a fuse  is  used  in  the  line  to  the  pri- 
mary squibs  such  that  if  one  should  short  it  would  not  jeop- 
ardize the  firing  of  the  back-up  squibs.  In  order  to  pre- 
vent static  build-up  an  SPDT  relay  should  be  used  for  the 
control  interface  so  that  the  squib  power  lines  are  shorted 
together  until  actuated. 

The  decelerator  system  selected  must  limit  the  shock 
forces  experienced  by  the  gondola  at  parachute  opening  and 
at  ground  impact  to  an  acceptable  value.  The  parachute  se- 
lected for  use  in  this  application  must  posses  an  "effective 
drag  area"  of  264  m2  (2,840  ft2)  to  provide  a 6.1  m/s  (20 
ft/s)  impact  velocity.  A parachute  of  this  size  will  weigh 
approximately  310  N (70  lb)  and  require  a packing  volume  of 
0.059  m*  (2.1  ftA)  . 

The  parachute  utilized  for  this  application  must  inflate 
reliably  at  the  low  dynamic  pressure  which  would  be  exper- 
ienced at  the  parachute  deployment  altitude,  and  it  must  pro- 
vide stable  descent.  An  unstable  trajectory  would  result 
in  a less  predictable  and  usually  higher  rate  of  descent. 

In  addition,  if  the  parachute  is  oscillating,  the  possibility 
exists  that  the  payload  would  not  impact  with  the  base  in  a 
horizontal  orientation.  If  the  payload  impacts  the  ground  at 
an  angle,  the  shock  attenuation  material  on  the  base  of  the 
package  is  less  efficient  and  impact  loads  are  increased. 
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The  existence  of  surface  wind  increases  the  importance 
of  using  e atable/  oscillation  free  recovery  system.  Surface 
winds  impart  a horizontal  velocity  to  the  descending  gondola; 
and,  if  strong  enough/  these  winds  will  cause  the  gondola  to 
tumble  or  roll  after  ground  impact.  Impact  loads  can  better 
be  controlled  if  the  package  can  be  maintained  upright  during 
recovery.  Preliminary  analysis  shows  that  if  the  recoverable 
load  impacts  the  ground  with  its  base  horizontal/  the  upright 
orientation  of  the  gondola  can  be  maintained  with  winds  up  to 
10.5  m/s  (20.4  kn)  . However/  if  the  payload  and  parachute 
are  oscillating  so  that  the  base  of  the  gondola  impacts  the 
ground  at  an  angle  of  .35  rad  (20  deg),  the  payload  may  over- 
turn with  winds  above  5.1  m/s  (10  kn) . 

Parachute  designs  such  as  the  cross/  disk-gap-band/  and 
ringslot  all  provide  stable  descent.  These  designs  will  main- 
tain an  oscillation  angle  from  the  vertical  of  less  than  .17 
rad  (10  deg) . 

The  parachute  should  be  folded  and  packed  in  the  gondola 
with  the  apex  of  the  canopy  to  the  top  or  open  end.  Para- 
chute packing  and  rigging  is  then  completed  by  attaching  one 
one  end  of  the  lanyard  (cord)  to  the  apex  of  the  canopy  and 
the  other  end  of  the  lanyard  to  a support  structure  in  the 
airship.  When  recovery  is  initiated,  the  gondola  and  airship 
separate.  As  this  separation  occurs  the  lanyard  would  ex- 
tract and  deploy  the  parachute.  When  the  complete  parachute 
is  deployed  the  lanyard  would  break,  separating  the  gondola 
from  the  airship.  The  parachute  is  then  free  to  inflate  and 
support  the  vehicle  to  impact. 

The  length  of  the  lanyard  should  be  long  enough  to  ex- 
tend approximately  3m  (10  ft)  below  the  airship  to  avoid 
canopy-with-airship  contact  during  the  deployment.  Lanyard 
strength  should  be  approximately  890  N (200  lb) . This  is 
sufficiently  strong  to  insure  extraction  of  the  310  N (70  lb) 
parachute  without  adding  unnecessary  weight  to  the  airship 
for  lanyard  structural  support. 

The  parachute  can  best  be  attached  to  the  gondola  using 
a four- legged  bridle  with  one  leg  of  the  bridle  attached  near 
each  corner  of  the  gondola.  This  method  of  parachute  attach- 
ment provides  the  most  stable  gondola  orientation  at  ground 
impact . 

Upon  impact  with  the  ground,  a line  cutter  will  be  acti~ 
vated  to  cut  the  parachute  from  the  gondola  to  preclude  the 
possibility  of  the  gondola  being  dragged. 
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The  stern  structure  is  not  designed  for  a parachute  re- 
covery and  will  be  returned  with  the  airship.  Since  there 
are  no  shock  attenuators  attached  to  the  structure,  nearly 
as  much  damage  would  be  imparted  upon  impact  using  a para- 
chute recovery  as  would  be  by  remaining  with  the  balloon.  The 
additional  design  effort  to  salvage  the  stern  assembly  is 
not  warranted  as  the  salvageable  hardware  is  a small  part  of 
the  system  cost. 

As  the  gondola  is  released  from  the  airship  a rip  panel 
would  be  opened.  The  rip  cord  used  to  open  the  panel  would  be 
attached  to  the  top  of  the  parachute.  The  cord  would  be  long 
enough  so  that  the  parachute  is  fully  deployed  before  the 
cord  opens  the  panel.  The  rip  panel  would  be  located  near  the 
nose  of  the  airship.  As  the  gondola  is  released,  the  airship 
will  tip  nose  up  due  to  the  weight  of  the  stern  structure  as- 
sembly. This  would  allow  the  helium  to  vent  rapidly  as  the 
airship  descends  with  the  stern  assembly  down. 
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SUMMARY  AMD  CONCLUSIONS 


The  task  reported  on  in  this  text  primarily  consisted  of 
a parametric  analysis  which  resulted  in  a system  concept  de- 
finition for  POBAL-S  (a  high  altitude,  superpressure  airship) 
and  the  design  of  the  airship.  Also  included  was  a brief 
historical  discussion  of  powered  balloons  applicable  to 
POBAL-S.  The  parametric  analysis  was  presented  in  enough  de- 
tail so  that  future  extensions  of  the  work  performed  here 
could  be  readily  accomplished.  The  design  was  presented  in 
enough  detail  so  that  it  was  shown  to  be  feasible  to  fabri- 
cate, launch,  and  operate  the  POBAL-S  system. 

The  types  of  systems  analyzed  included  propeller  driven 
superpressure  airships  powered  by  a solar  cell  array,  a fuel 
cell,  a battery,  a gas  turbine  engine,  and  internal  combus- 
tion engines.  For  mission  durations  of  less  than  one  week 
there  are  definite  cost  and  design  advantages  of  using  a 
fuel  cell  powered  vehicle.  Combustion  engine  vehicles  may 
also  be  applicable  to  the  one  week  mission  but  a significant 
development  effort  to  demonstrate  feasibility  would  be  re- 
quired. Also,  because  of  fuel  consumption  the  engine  con- 
cept presents  design  complications.  For  mission  durations 
of  two  to  three  weeks  the  combustion  engine  should  definitely 
be  considered  and  an  effort  should  be  expended  in  developing 
such  a concept.  The  fuel  cell  concept  may  have  cost  advan- 
tages for  these  durations,  as  compared  to  the  solar  cell  ar- 
ray powered  airship,  but  it  is  doubtful  that  such  a system 
is  feasible  to  launch  because  of  its  large  size.  For  missions 
of  extended  duration  (longer  than  one  month)  the  solar  cell 
array  powered  airship  presents  the  only  feasible  alternative. 
However,  in  spite  of  its  obviously  high  cost,  such  a vehicle 
could  be  developed  under  a single  effort  and  fulfill  all  mis- 
sion requirements.  The  primary  disadvantage  is  that  the 
solar  cells  are  not  recoverable.  The  cost  per  flight  of 
this  vehicle  is  then  highly  dependent  on  solar  cell  costs. 

The  analysis  section  of  this  report  discussed  the  sensi- 
tivity of  the  system  design  to  all  design  parameters.  Also, 
the  parametric  curves  indicate  the  dependency  of  system 
feasibility  on  various  parameters.  These  analyses  indicate 
that  one  of  the  major  future  efforts  required  leading  to  ve- 
hicle development  is  that  of  envelope  material  development. 
Other  system  design  parameters  such  as  film  design  stress 
limit,  maximum  supertemperature , required  free  lift,  coeffi- 
cient of  drag,  etc.,  must  also  be  accurately  determined.  To 
minimize  design  complications,  system  size,  and  system  costs 
and  to  maximize  reliability  any  future  development  efforts 
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should  place  great  emphasis  oh  accurate  determination  of 
these  parameters. 

The  chosen  concept  was  for  a vehicle  capable  of  support- 
ing an  880  N (200  lb)  payload  requiring  500  W continuous 
power  at  an  altitude  of  21  km  (70,000  ft)  for  a 7 day  dura- 
tion. The  airship  to  meet  this  mission  requirement  is  to  be 
fuel  cell  powered  and  operate  at  an  8.18  m/e  (15.9  kn)  air- 
speed. In  the  design  it  was  assumed  that  a new  biaxially 
oriented  nylon  film  would  be  used  as  the  envelope  material; 
however,  at  the  present  time  this  film  is  not  a proven  su- 
perpressure balloon  material.  Other  new  materials  should 
also  be  considered  since  conventional  polyester  film,  even 
though  it  exhibits  near  minimum  excursions  in  super tempera- 
ture extremes,  does  not  have  an  acceptable  strength-to- 
weight  ratio. 


*Appendix  B reports  test  results  of  experimentation  with 
biaxially  oriented  Nylon  6. 
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MATERIAL  TESTING 


A biaxially  oriented  nylon  6 film  was  chosen  as  the  candi- 
date material  from  which  the  laminated  film  for  hull  construc- 
tion was  to  be  fabricated.  This  type  of  film  was  unproven 
for  balloon  use)  and  consequently,  testing  of  the  film  was  re- 
quired. Also,  teste  were  required  to  demonstrate  the  struc- 
tural integrity  of  patches  and  seal  junctions  used  in  the  de- 
sign. Thermoplastic  adhesive  tapes  had  previously  been  de- 
veloped for  this  film  and  it  was  intended  that  a significant 
portion  of  the  tests  be  conducted  on  seals  and  seal  junctions 
using  these  tapes.  However,  it  was  discovered  that  these 
tapes  did  not  have  sufficient  shear  strength  for  the  intend- 
ed use.  Two  additional  procurements  of  sealing  tapes  were 
made,  but  after  extensive  testing  the  adhesive  characteris- 
tics could  not  be  improved.  Consequently,  the  efforts  to  per- 
form testa  on  the  thermoplastic  adhesive  tapes  were  abandoned. 

For  the  patch  tests,  a liquid  adhesive,  Adcote  102A,  was  suc- 
cessfully used.  Patches  of  the  fan  and  parabolic  design,  as 
shown  on  the  following  page,  were  tested  both  from  a straight 
pull  and  at  an  angle  of  45°.  The  fan  patches  were  sealed  to 
laminate  with  a 1 inch  wide  seal  around  the  entire  patch 
whereas  the  parabolic  patches  utilize  a "T"  tape  with  the 
base  of  the  tape  as  the  seal  area.  The  results  of  these 
tests  are  listed  in  the  table  below.  Limitations  of  the  test 
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equipment  prevented  any  of  the  patches  from  being  tested  to 
ultimate  strength.  However,  the  results  obtained  in  most 
cases  are  three  to  four  times  the  actual  loading  that  the 
patches  would  encounter  in  a launch  or  flight  condition. 


' 

POBAL-S 

PATCH  TESTS 

. t ' ’ ’■ 

N4. 

PATCH  DESCRIPTION 

TYPE  OP  TEST 

TENS  ION 'POUNDS 

OBSERVATIONS 

1 

24"  FAN  PATCH  SEALEO  OH  3 PLY 
NYLON  LAMINATE,  4 WEBBINGS  IN 
PATCH 

STRAIGHT  PULL 

1600 

PATCH  AND  LAMINATE  IN-TACT,  NO  TEARING  OF 
« •■•NGV  FROM  PATCH  FABRIC,  DISTRIBUTES 
LOAD  CVCNLY • 

* 

24"  FAN  PATCH  SEALEO  ON  3 PLY 
NYLON  LAMINATE.  4 WEBBINGS  IN 
PATCH 

PULLED  AT  45° 

1000 

r 

........  i. 

TOP  HALF  OF  PATCH  TAKES  MAJORITY  OF  LOAO, 
SLIGHT  TEARING  OF  WEBS  FROM  FABRIC  AT  "0* 
RING  ATTACHMENT. 

J 

24"  FAN  PATCH  SEALEO  ON  3 PLY 
NYLON  LAMINATE.  4 WEBBINGS  IN 
PATCH 

STRAIGHT  PULI 

i 

1350 

7TT  — * 

no  signs  Of  Patch  or  laminate  failure. 

4 

30"  FAN  PATCH  SEALED  ON  4 PLY 
NYLON  LAMINATE.  5 WEBBINGS  IN 
PATCH 

STRAIGHT  PULL 

1000 

PATCH  AND  LAMINATE  IN-TACT. 

5 

30"  FAN  PATCH  SEALEO  ON  4 PLY 
NYLON  LAMINATE,  5 WEBBINGS  IN 
PATCH 

PULLED  AT  45° 

1250 

PATCH  AND  LAMINATE  IN-TACT. 

6 

24"  PARABOLIC  SEALED  ON  3 PLY 
NYLON  LAMINATE 

STRAIGHT  PULL 

1350 

ENOS  OF  PATCH  CURL  TO  CENTER  OUE  TO  UNI- 
AXIAL  TEST,  LEG  OF  "T"  TAPE  STRETCHES 
APPROX  i"  FROM  BASE  THROUGH  MIDDLE  1/3 
OF  PATCH. 

7 

24"  PARABOLIC  SEALEO  ON  3 PLY. 
NYLON  LAMINATE 

PULIEO  AT  45° 

1200 

REINFORCEMENT  WEBBING  ALONG  SLOPE  OF 
CURVE  BEGINS  TO  TEAR  FROM  FABRIC  AROUND 
ATTACHMENT  POINT. 

a 

24"  PARABOLIC  SEALEO  ON  3 PLY 
NYLON  LAMINATE 

STRAIGHT  PULL 

1250 

LEG  OP  "T"  TAPE  STRETCHING  BASE  THROUGH 
CENTER  1/3  OF  PATCH  - SLOPE  OF  CURVE  NEEDS 
TO  BE  INCREASED  TO  ALLEVIATE  THIS. 

9 

36"  PARABOLIC  SEALED  ON  4 PLY 
NYLON  LAMINATE 

STRAIGHT  PULL 

600 

36"  PARABOLIC  HAS  A GREATER  SLOPE  AND  THUS 
DISTRIBUTES  LOAO  INTO  LAMINATE  MORE  EVENLY. 
TEST  TERMINATED  AT  600  LBS.  DUE  TO  MAL- 
FUNCTION OF  EQUIPMENT. 

10 

36"  PARABOLIC  SEALEO  ON  4 PLY 
NYLON  LAMINATE 

PULLED  AT  45° 

600 

WEBBING  TEARS  PROM  FABRIC  AT  LOAO  ATTACH- 
MENT • NEED  HEAVIER  FABRIC  &■  WEBBING. 

Both  patch  designs  appear  to  distribute  the  load  into  the 
laminate,  on  which  it  is  sealed,  quite  uniformly  considering 
this  was  a uniaxial  and  not  a biaxial  test.  The  fan  patch 
exhibited  higher  loadings  than  the  parabolic  at  the  45°  pull 
without  any  > taring  of  the  fabric  or  webbings  in  the  patch. 


The  tearing , however , could  be  alleviated  by  using  heavier 
fabric  and  webbing  in  the  patch  design. 

Earlier  ultraviolet  radiation  exposure  tests  had  shown  that 
the  biaxially  oriented  nylon  ,6  film  exhibits  much  less  degra- 
dation in  strength  and  ductility  after  exposure  than  does 
comparable  polyester  film.  Samples  were  exposed  under  a 
GE  H12T3 i 750  W UV  lamp  at  a nominal  distance  of  14  inches 
from  the  lamp.  Exposure  times  of  9 hours  and  16  hours  were 
used.  Tensile  strengths  and  ultimate  elongations  were  deter- 
mined from  strip  tensile  tests  performed  at  -60oc  with  an 
initial  jaw  distance  of  2 inches  and  a Separation  fete  of  2 
inches/minute • The  results  are  as  follows: 


ULTRAVIOLET  DEGRADATION  TESTS 

Tensile  Strength (lb)  Elongation  (%; 


Material 

Orien- 

tation 

After 
0 hr 

exposure  of 
9 hr  16  hr 

After  exposure  of 
0 hr  9 hr  16  hr 

1 mil  nylon  6 

TD 

41.2 

33.1 

7.3 

36.8  21.0  0 

mil  poly- 
ester 

TO 

30.6 

IS. 9 

6.3 

29.5  3.1  0 

1 mil  nylon  6 

MD 

42.1 

32.5 

35.8  14.3 

HxH  mil  poly- 
ester 

MO 

36.8 

14.3 

31.0  1.9 
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Tests  have  consistently  shown  the  nylon  film  to  be  superior; 
but  as  the  table  shows  after  enough  exposure  the  nylon,  like 
the  polyester,  will  degrade  to  an  unusable  state. 

Water  absorption  by  the  nylon  film  can  be  an  important  factor 
to  consider  Tests  have  been  performed  to  determine  the 
changes  in  weight,  tensile  strength,  and  ultimate  elongation 
of  the  film  as  affected  by  relative  humidity.  Samples  were 
stored  at  room  temperature  at  0,  50,  and  100%  relative  humid- 
ities and  were  tested  after  7 days  and  30  days.  Most  of  the 
change  occurred  after  7 days,  but  additional  change  can  be 
detected  after  30  days.  The  30  day  results  are  summarized 
below.  For  the  tensile  tests  the  jaw  distance  was  3 inches 
with  separation  rates  of  2.0,  0.5,  and  0.2  inch/min  corres- 
ponding to  testing  temperatures  of  21,  -25,  and  -70°C. 


EFFECTS  OF  WATER  ABSORPTION  TESTS 

0%  RH  50%  RH  .100%  RH 


Thickness,  um 

25.1 

26.1 

26.0 

Weight,  g/m2 

29.1 

31.9 

32.0 

Specific  gravity  (calculated) 

1.16 

1.22 

1.23 

M.O . Tensile  Strengths, 

lb, 

21®C 

31.0 

29.1 

27.1 

-25°C 

29.6 

29.4 

30.5 

-70*C 

34.6 

34.5 

37.3 

T.D,  Tensile  Strengths, 

lb, 

21°C 

34.0 

32.0 

30.3 

-25  ®C 

33.6 

31.4 

32.9 

-70°C 

38.2 

36.2 

35.4 

(cont . ) 
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EFFECTS  OF  WATER  ABSORPTION  TESTS  (cont.) 


0%  RH 

50%  RH 

100%  RH 

M.D.  Elongation,  %,  8: 

21°C 

68 

69 

74 

-25°C 

48 

47 

58 

-70°C 

42 

41 

46 

T.D.  Elongation,  %, 

21°C 

72 

68 

73 

w25°C 

50 

48 

57 

-70°C 

47 

39 

34 

A variety  of  stress/strain  tests  were  performed  using  the  25 
Vim  film.  During  this  testing  it  became  obvious  that  the  ny- 
lon film  exhibited  unstable  creep  characteristics.  Further, 
it  was  determined  that  the  creep  characteristics  were  very 
difficult  to  predict  as  a result  of  variations  in  the  film 
properties  and  because  of  the  sensitivity  of  these  character- 
istics to  temperature.  There  were  significant  differences 
between  identical  tests  and  anomalies  between  similar  tests 
performed  at  different  temperatures . The  following  table 
summarizes  the  nominal  results  obtained  from  the  biaxial 
creep  tests. 
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BIAXIAL  CREEP  TESTS 


Elongation  (%) 


Stress 

lb/in2 


12,000 

14,000 

14.000 
8,0c  3 

10.000 

14.000 

8,000 

10.000 

7,000 

10,0 do 


Temperature 


Initial 

Value 


After  4 Hours 
of  Creep 


The  uniaxial  dead  load  tests  also  showed  creep  instabilities 
which  are  difficult  to  predict.  The  following  lists  are  some 
typical  examples: 


Stress 


UNIAXIAL  DEAD  LOAD  CREEP  TESTS 
nperature  Elongation  (%) 


(lb/in2) 

(°C) 

0 hr 

after  test  times 
3 hr  24  hr  51  hr 

of 

96  hr  168  hr 

10,000 

21 

10 

15 

18 

25 

„ ,, , — 

14,000 

21 

18 

22 

27 

33 

35 

14,000 

-33 

3 

— 

— 

10 

21,000 

-33 

7 

— 

— 

— 

17  — • 

Except  for  the  creep  instability,  the  biaxially  oriented  ny- 
lon 6 film  would  function  as  a good  superpressure  balloon 
material.  All  other  characteristics  including  handling,  pin- 
holing,  permeability,  spectral  transmittance  and  reflectance, 
etc.,  are  excellent;  and  this  film  should  be  analyzed  further 
for  possible  use  as  a fiber  reinforced  gas  barrier. 
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